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(54) Polarisation-independent phase-conjugation apparatus and system comprising this 
apparatus 



(57) The device according to the present invention 
relates to phase conjugate conversion and wavelength 
conversion. This device includes a polarization beam 
splitter (10) and a polarization maintaining fiber (PMF) 
(12). The polarization beam splitter (10) has first, sec- 
ond, and third ports. The first port is supplied with signal 
light including first and second polarization components 
respectively having first and second polarization planes 
orthogonal to each other, and with pump light. The first 
and second ports are coupled by the first polarization 
plane, and the first and third ports are coupled by the 
second polarization plane. The PMF has first and sec- 
ond ends, and has a polarization mode to be maintained 
between the first and second ends. The first end is opti- 
cally connected to the second port so that the first polar- 
ization plane is adapted to the polarization mode, and 
the second end is optically connected to the third port 
so that the second polarization plane is adapted to the 
polarization mode. Converted light generated by four- 
wave mixing based on the signal light and the pump 
light in the PMF is output from the first port, so that the 
converted light can be taken out by an optical circulator 
(8). 
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Description 

BACKGROUND OF THE INVENTION 

Field of the invention 

[0001] The present invention relates to a device and 
system for phase conjugate conversion and wavelength 
conversion. 

Pescriptipn of the Relgted Art 

[0002] Owing to recent developments of low-loss silica 
optical fibers, various optical fiber communication sys- 
tems each using such an optical fiber as a transmission 
line have been put to practical use. The optical fiber 
itself has a very wide band. However, a transmission 
capacity by the optical fiber is actually limited by a sys- 
tem design. The most important limitation is due to 
waveform distortion by chromatic dispersion occurring 
in the optical fiber. Further, the optical fiber attenuates 
an optical signal at a rate of about 0.2 dB/km, for exam- 
ple. Loss of the optical signal due to this attenuation has 
been compensated for by adopting an optical amplifier 
such as an erbium doped fiber amplifier (EDFA) that is a 
typical example. 

[0003] The chromatic dispersion that is often referred 
to simply as dispersion is a phenomenon such that the 
group velocity of an optical signal in an optical fiber 
changes as a function of the wavelength (frequency) of 
the optical signal, in a standard single-mode fiber, for 
example, an optical signal having a longer wavelength 
propagates faster than an optical signal having a 
shorter wavelength in a wavelength region shorter than 
1.3 urn, and the resultant dispersion is usually referred 
to as normal dispersion. In contrast, an optical signal 
having a shorter wavelength propagates fester than an 
optical signal having a longer wavelength in a wave- 
length region longer than 1.3 urn and the resultant dis- 
persion is usually referred to as anomalous dispersion. 
[0004] In recent years, the nonlinearities of an optical 
fiber have received attention in association with an 
increase in optical signal power due to the use of an 
EDFA. The most serious nonlinearity that limits a trans- 
mission capacity is an optical Kerr effect occurring in an 
optical fiber The optical Kerr effect is a phenomenon 
such that the refractive index of an optical fiber changes 
with the intensity of an optical signal. A change in the 
refractive index modulates the phase of an optical signal 
propagating in an optical fiber, resulting in the occur- 
rence of frequency chirping which changes a signal 
spectrum. This phenomenon is known as self-phase 
modulation (SPM). Spectral broadening due to SPM 
occurs to cause further enlargement of the waveform 
distortion due to chromatic dispersion. 
[0005] In this manner, the chromatic dispersion and 
the optical Kerr effect impart waveform distortion to an 
optical signal with an increase in transmission distance. 



Accordingly, to allow long-haul transmission by an opti- 
cal fiber, the chromatic dispersion and the nonlinearity 
must be controlled, compensated, or suppressed. 
[0006] As a technique for controlling the chromatic 

5 dispersion and the nonlinearity, the use of a regenera- 
tive repeater including an electronic circuit for a main 
signal is known. For example, a plurality of regenerative 
repeaters are arranged along a transmission line. Each 
regenerative repeater performs opto/electric conver- 

10 sion, regeneration, and electro/optic conversion in this 
order before the waveform distortion of an optical signal 
becomes excessive. However, this method has a prob- 
lem that the regenerative repeater required is expensive 
and complicated, and that the electronic circuit included 

15 in the regenerative repeater limits the bit rate of a main 
signal. 

[0007] As a technique for compensating for the chro- 
matic dispersion and the nonlinearity, optical soliton is 
known. An optical signal pulse having an amplitude, 

20 pulse width, and peak power each accurately specified 
with respect to a given anomalous dispersion is gener- 
ated, thereby balancing pulse compression due to both 
SPM induced by the optical Kerr effect and the anoma- 
lous dispersion and pulse broadening due to dispersion, 

25 so that an optical soliton propagates as maintaining its 
waveform. 

[0008] As another technique for compensating for the 
chromatic dispersion and the nonlinearity, the applica- 
tion of optical phase conjugation is known. For example, 

30 a method for compensating for the chromatic dispersion 
of a transmission line has been proposed by Yariv et al. 
(A. Yariv, O. Fekete, and D.M. Pepper, "Compensation 
for channel dispersion by nonlinear optical phase conju- 
gation- Opt. Lett., vol. 4, pp. 52-64, 1979). An optical 

35 signal is converted into phase conjugate light at the mid- 
point of a transmission tine, and the waveform distortion 
due to chromatic dispersion in the front half of the trans- 
mission line is compensated by the waveform distortion 
due to chromatic dispersion in the rear half of the trans- 

40 mission line. 

[0009] In particular, if the causes of phase fluctuations 
of electric fields at two points are identical with each 
other, and an environmental change inducing these 
causes is gentle during a light propagation time 

45 between the two points, the phase fluctuations can be 
compensated by locating a phase conjugator (phase 
conjugate light generator) at the midpoint between the 
two points (S. Watanabe, "Compensation of phase fluc- 
tuation in a transmission line by optical conjugation" 

50 Opt. Lett., vol. 17, pp. 1355-1357, 1992). Accordingly, 
the waveform distortion due to SPM can also be com- 
pensated by adopting the phase conjugator. However, 
in the case that the optical power distributions on the 
upstream and downstream sides of the phase conjuga- 

55 tor are asymmetrical with respect thereto, the compen- 
sation for nonlinearity becomes incomplete. 
[001 0] The present inventor has proposed a technique 
for overcoming the incompleteness of the compensation 
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due to the asymmetry of optical powers in the case of 
using a phase conjugator (S. Watanabe and M. Shiras- 
aki, "Exact compensation for both chromatic dispersion 
and Kerr effect in a transmission fiber using optical 
phase conjugation" J. Lightwave Technol., vol. 14, pp. 5 
243-248, 1996). The phase conjugator is located in the 
vicinity of a point on a transmission line such that a total 
dispersion or total nonlinear effect in a portion of the 
transmission line upstream of this point is equal to that 
in a portion of the transmission line downstream of this 10 
point, and various parameters are set in each minute 
section of the upstream and downstream portions. 
[001 1] By using a third-order nonlinear optical medium 
such as an optical fiber and a semiconductor optical 
amplifier, phase conjugate light can be generated by is 
nondegenerate four-wave mixing. When signal light 
having an angular frequency ©3 and pump light having 
an angular frequency cop (cop * cog) are supplied to the 
nonlinear optical medium, phase conjugate light (con- 
verted signal light) having an angular frequency 2cop - 20 
o>s is generated by four-wave mixing based on the sig- 
nal light and the pump light in the nonlinear optical 
medium, and this phase conjugate light is output 
together with the signal light and the pump light from the 
nonlinear optical medium. 25 
[0012] The above term of "nondegenerate" used 
herein means that the wavelength of the signal light and 
the wavelength of the pump light are different from each 
other. Since the wavelength of the signal light, the wave- 
length of the pump light, and the wavelength (angular 30 
frequency) of the phase conjugate light satisfy the 
above-mentioned relation, wavelength conversion is 
performed simultaneously with the generation of the 
phase conjugate light 

[0013] The efficiency of conversion from the signal 35 
light to the phase conjugate light depends on the con- 
sistency of the polarization planes of the signal light and 
the pump light. However, since a general optical fiber 
transmission line has no capability of maintaining a 
polarization plane, the polarization state of the signal 40 
light to be converted varies with time. Accordingly, it is 
required that a device for phase conjugate conversion 
and wavelength conversion has no polarization depend- 
ence. The wording of "no polarization dependence" 
used herein means that the conversion efficiency is 45 
substantially constant irrespective of the polarization 
state of the signal light to be converted. 
[001 4] In the case that the device for phase conjugate 
conversion and wavelength conversion is applied to 
WDM (wavelength division multiplexing), a sufficiently so 
broad conversion band is required to increase the 
number of channels that can be subjected to simultane- 
ous conversion. The conversion band is defined as a 
maximum detuning wavelength (or detuning frequency) 
between pump light and signal light under the condition 55 
that phase conjugate light having a certain power can 
be obtained. 



SUMMARY OF THE INVENTION 

[001 5] It is therefore an object of the present invention 
to provide a device tor phase conjugate conversion and 
wavelength conversion, having no polarization depend- 
ence, and a system including the device. 
[0016] It is another object of the present invention to 
provide a device for phase conjugate conversion and 
wavelength conversion, having a broad conversion 
band, and a system including the device. 
[0017] In accordance with an aspect of the present 
invention, there is provided a device comprising an opti- 
cal circulator, a polarization beam splitter, and a polari- 
zation maintaining fiber. The optical circulator has first, 
second, and third ports. The first port is supplied with 
signal light including first and second polarization com- 
ponents respectively having first and second polariza- 
tion planes orthogonal to each other, and with pump 
light. The polarization beam splitter has fourth, fifth, and 
sixth ports. The fourth port is optically connected to the 
second port. The fourth and fifth ports are coupled by 
the first polarization plane, and the fourth and sixth 
ports are coupled by the second polarization plane. The 
polarization maintaining fiber has first and second ends, 
and has a polarization mode to be maintained between 
the first and second ends. The first end is optically con- 
nected to the fifth port so that the first polarization plane 
is adapted to the polarization mode, and the second end 
is optically connected to the sixth port so that the sec- 
ond polarization plane is adapted to the polarization 
mode. 

[001 8] The polarization maintaining fiber has first and 
second principal axes orthogonal to each other, for 
example. In this case, the polarization mode corre- 
sponds to one of the first and second principal axes. 
The present inventor has found that the zero-dispersion 
wavelength in the mode corresponding to the first prin- 
cipal axis is different from the zero-dispersion wave- 
length in the mode corresponding to the second 
principal axis. 

[0019] The polarization maintaining fiber has a sub- 
stantially constant zero-dispersion wavelength in rela- 
tion to the polarization mode, for example. In this case, 
the pump light has a wavelength substantially equal to 
the zero-dispersion wavelength. 
[0020] Broadening the conversion band of this device 
depends on the consistency between the wavelength of 
the pump light and the zero-dispersion wavelength of 
the polarization maintaining fiber. 
[0021] In this device, the first polarization component 
of the signal light propagates in the polarization main- 
taining fiber from the first end to the second end, 
whereas the second polarization component of the sig- 
nal light propagates in the polarization maintaining fiber 
from the second end to the first end. Furthermore, each 
of the first and second polarization components is 
adapted to the polarization mode of the polarization 
maintaining fiber. Accordingly, the consistency between 
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the pump light wavelength and the zero-dispersion 
wavelength can be obtained with high accuracy, thereby 
broadening the conversion band in the conversion from 
the signal light to the converted signal light (phase con- 
jugate light). 5 
[0022] Further, so-called polarization diversity is car- 
ried out in relation to the conversion from the signal light 
to the converted signal light both in the direction where 
the first polarization component of the signal light and a 
part of the pump light propagate in the polarization 10 
maintaining fiber from the first end to the second end 
and in the direction where the second polarization com- 
ponent of the signal light and a part of the remaining 
pump light propagate in the polarization maintaining 
fiber from the second end to the first end. Accordingly, is 
the efficiency of conversion from the signal light to the 
converted signal light is hardly dependent on the polari- 
zation state of the signal light supplied. 
[0023] The device according to the present invention 
may be provided by the combination of the polarization 20 
beam splitter and the polarization maintaining fiber with- 
out the optical circulator. 

[0024] In accordance with another aspect of the 
present invention, there is provided another device for 
phase conjugate conversion and wavelength conver- 25 
sion. This device comprises first and second optical cir- 
culators, a polarization beam splitter, and a polarization 
maintaining fiber. The first optical circulator has first, 
second, and third ports. The first port is supplied with 
first signal light including first and second polarization 30 
components respectively having first and second polar- 
ization planes orthogonal to each other, and with first 
pump light The second optical circulator has fourth, 
fifth, and sixth ports. The fourth port is supplied with 
second signal light including third and fourth poiariza- 35 
tion components respectively having third and fourth 
polarization planes orthogonal to each other, and with 
second pump light. The polarization beam splitter has 
seventh, eighth, ninth, and tenth ports. The seventh port 
is optically connected to the second port, and the tenth 40 
port is optically connected to the fifth port. The seventh 
and eighth ports are coupled by the first polarization 
plane. The seventh and ninth ports are coupled by the 
second polarization plane. The ninth and tenth ports are 
coupled by the third polarization plane. The eighth and 45 
tenth ports are coupled by the fourth polarization plane. 
The polarization maintaining fiber has first and second 
ends, and has first and second polarization modes to be 
maintained between the first and second ends. The first 
end is optically connected to the seventh port so that the so 
first and fourth polarization planes are respectively 
adapted to the first and second polarization modes. The 
second end is optically connected to the eighth port so 
that the second and third polarization planes are 
respectively adapted to the first and second polarization $s 
modes. 

[0025] With this configuration, the two optical circula- 
tors are used in consideration of the symmetry in the 



polarization beam splitter and the polarization maintain- 
ing fiber. Accordingly, bidirectional ity in the conversion 
from the signal light to the converted signal light can be 
ensured. 

[0026] In accordance with a further aspect of the 
present invention, there is provided a system compris- 
ing first and second optical fiber networks each adapted 
to wavelength division multiplexing, and a converter 
connected between the first and second optical fiber 
networks. The converter is provided by the device 
according to the first or second aspect of the present 
invention mentioned above. The converter may include 
a pumping source for outputting pump light. 
[0027] The conversion band in the conversion from 
the signal light to the converted signal light in the con- 
verter is broadened according to the present invention. 
Accordingly, by combining the present invention with 
wavelength division multiplexing, a flexible system can 
be constructed. 

[0028] The above and other objects, features and 
advantages of the present invention and the manner of 
realizing them will become more apparent, and the 
invention itself will best be understood from a study of 
the following description and appended claims with ref- 
erence to the attached drawings showing some pre- 
ferred embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0029] 

FIG. 1 is a diagram showing a first preferred 
embodiment of the device according to the present 
invention; 

FIG. 2 is a block diagram for illustrating the opera- 
tion principle of the device according to the present 
invention; 

FIG. 3 is a diagram for illustrating the polarization 
mode of a PMF (polarization maintaining fiber); 
FIG. 4 is a diagram showing a second preferred 
embodiment of the device according to the present 
invention; 

FIG. 5 is a block diagram showing a first preferred 
embodiment of the system according to the present 
invention; 

FIG. 6 is a diagram showing an example of a man- 
ufacturing process for a nonlinear optical medium; 
FIG. 7 is a diagram showing a third preferred 
embodiment of the device according to the present 
invention; 

FIG. 8 is a block diagram for illustrating the basic 
principle of a photonic network. 
FIG. 9 is a diagram for illustrating the principle of 
compensation in FIG. 8; 

FIG. 10 is a diagram for illustrating simultaneous 
conversion of WDM signal light; 
FIG. 1 1 is a block diagram showing a second pre- 
ferred embodiment of the system according to the 
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present invention; 

FIG. 12 is a diagram showing an example of setting 
of the wavelength bands in the system according to 
the present invention; 

FIG. 13 is a diagram showing another example of 
setting of the wavelength bands in the system 
according to the present invention; 
FIG. 14 is a diagram showing an example of disper- 
sion allocation in the system according to the 
present invention; 

FIG. 15 is a diagram showing still another example 

of setting of the wavelength bands in the system 

according to the present invention; 

FIG. 16 is a diagram for illustrating a four-wave 

mixer; 

FIG. 17 is a block diagram showing a third preferred 
embodiment of the system according to the present 
invention; 

FIG. 18 is a block diagram showing a fourth pre- 
ferred embodiment of the system according to the 
present invention; 

FIG. 19 is a block diagram showing a fifth preferred 
embodiment of the system according to the present 
invention; 

FIG. 20 is a block diagram showing a sixth preferred 
embodiment of the system according to the present 
invention; 

FIG. 21 is a block diagram showing a seventh pre- 
ferred embodiment of the system according to the 
present invention; 

FIG. 22 is a block diagram shewing an eighth pre- 
ferred embodiment of the system according to the 
present invention; and 

FIG. 23 is a block diagram showing a ninth pre- 
ferred embodiment of the system according to the 
present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0030] Some preferred embodiments of the present 
invention will now be described in detail with reference 
to the attached drawings. 

[0031] Let us consider the case where an optical pulse 
propagates in a dispersive medium. In the case that the 
dispersive medium is a normal dispersive medium 
(3 p/dco 2 > 0) , the frequency of an unchirped pulse 
propagating in the dispersive medium is shifted to lower 
frequencies near the leading edge of the pulse, and is 
shifted to higher frequencies near the trailing edge of 
the pulse. In the case that the dispersive medium is an 
anomalous dispersive medium (d 0/dco < 0) , the fre- 
quency of an unchirped pulse is shifted to higher fre- 
quencies near the leading edge of the pulse, and is 
shifted to lower frequencies near the trailing edge of the 
putse. In the above expressions, f) and co denote the 
propagation constant and the angular frequency of light, 
respectively. In the normal dispersive medium, the 



longer the wavelength of the pulse, the higher the group 
velocity, whereas in the anomalous dispersive medium, 
the shorter the wavelength of the pulse, the higher the 
group velocity, so that in any case the pulse width is 
5 broadened. 

[0032] On the other hand, the refractive index of the 
dispersive medium is changed by the optical Kerr effect 
in the case that the intensity of light is large, by the fol- 
lowing amount 

10 2 
An(t) = n 2 |E(t)| 2 

where n 2 is the nonlinear refractive index. For a normal 
silica fiber, this value is about 3.2 x 10' 20 m 2 /W. When 
15 an optical pulse undergoes the optical Kerr effect in a 
nonlinear medium, the spectrum of the optical pulse is 
broadened (chirped) by the following amount. 

Aco<t) = -9A<|>(t)/dt 

20 o 

= -(2*n 2 /X)<a|E(t)| 2 /dt)Az 

where Az is the interaction length. 

[0033] This phenomenon is generally referred to as 

25 self-phase modulation <SPM). The SPM causes fre- 
quency shift of an optical pulse to lower frequencies 
near the leading edge of the pulse and frequency shift of 
the pulse to higher frequencies near the trailing edge of 
the pulse. Such chirping due to the SPM makes the 

30 influence of dispersion more remarkable, and as a 
result the distortion of the pulse becomes more remark- 
able. Accordingly, when an optical pulse undergoes the 
optical Kerr effect in a normal dispersive medium, spec- 
tral broadening of the pulse is greater than in the case 

35 of chromatic dispersion only, whereas when an optical 
pulse undergoes the optical Kerr effect in an anomalous 
dispersive medium, pulse compression occurs. 
[0034] Thus, in consideration of the effect of chromatic 
dispersion as mentioned above, large pulse broadening 

40 occurs in the case of a normal dispersive medium, 
whereas a larger one of the effects of pulse broadening 
due to chromatic dispersion and pulse compression due 
to SPM appears in the case of an anomalous dispersive 
medium. Balancing these two effects is achieved by 

45 optical soliton. 

[0035] It is generally prone to be considered that a 
higher signal-to-noise ratio (SNR) can be conveniently 
maintained by applying pulse compression due to SPM 
in an anomalous dispersive medium. However, it can be 

so said that the application of pulse compression is not 
always preferable, because transmission with high-level 
optical power has recently been allowed by using an 
optical amplifier, and a relatively small chromatic disper- 
sion has recently been implementable by the develop- 

55 ment of a dispersion shifted fiber. 

[0036] In other words, the effect of pulse compression 
may become excessive to cause large waveform distor- 
tion. Particularly in the case of NRZ pulse, pulse com- 
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pression occurs concentrically near the leading edge 
and the trailing edge of the pulse, causing a rapid wave- 
form change. In an extreme case, the trailing edge may 
precede the leading edge to cause splitting of the pulse 
into three portions. Further, in the case of optical ampli- 
fier repeated long-haul transmission, there is a problem 
such that four-wave mixing occurs between signal light 
and amplified spontaneous emission in an optical ampli- 
fier generated by the signal light as pump light, causing 
a remarkable reduction in SNR (modulation instability). 
[0037] The distortion of an optical pulse due to chro- 
matic dispersion and nonlinearity as mentioned above 
can be compensated by applying phase conjugate 
optics. For example, a signal light beam transmitted by 
a first optical fiber transmission line is converted into a 
phase conjugate light beam by a phase conjugator, and 
the phase conjugate light beam is transmitted by a sec- 
ond optical fiber transmission line. By properly setting 
parameters related to chromatic dispersion and nonlin- 
earity in the first and second optical fiber transmission 
lines, a substantially distortionless optical pulse can be 
obtained at an output end of the second optical fiber 
transmission line. 

[0038] However, the efficiency of conversion from the 
signal light beam to the phase conjugate light beam in 
the phase conjugator is generally dependent on the 
polarization state of the signal light beam, so that a 
phase conjugator having a polarization-independent 
conversion efficiency is desired. 
[0039] Such a phase conjugator having a polarization- 
independent conversion efficiency can be configured by 
applying a polarization scrambling method, polarization 
diversity method, or polarization active control method. 
Further, also by using a polarization maintaining fiber 
(PMF) as an optical fiber transmission line, the polariza- 
tion dependence of the conversion efficiency in the 
phase conjugator can be eliminated. In the present 
invention, the polarization diversity method is adopted 
to eliminate the polarization dependence of the conver- 
sion efficiency. 

[0040] FIG. 1 is a diagram showing a first preferred 
embodiment of the device according to the present 
invention. The device shown in FIG. 1 includes an input 
port 2. pumping source 4, optical coupler 6, optical cir- 
culator 8, polarization beam splitter 10, polarization 
maintaining fiber (PMF) 12, optical band-pass filter 14, 
and output port 16. The configuration and operation of 
this device will be hereinafter described in detail. 
[0041] FIG. 2 is a block diagram for illustrating the 
operation principle of the device according to the 
present invention. In the first process of polarization 
separation, signal light E s is separated into two polari- 
zation components E s (#1) and E s (#2). The polarization 
components E s (#1) and E s (#2) have polarization 
planes orthogonal to each other. In the next process of 
conversion, the polarization components E s (#1) and 
E s (#2) are converted into phase conjugate lights E c (#1) 
and Ec(#2), respectively. The polarization planes of the 



phase conjugate lights Ec(#1) and E<j(#2) coincide with 
the polarization planes of the polarization components 
E s (#1) and E s (#2), respectively. In the last process of 
polarization combining, the phase conjugate lights 

5 Ec(#1) and ^(#2) are combined to obtain phase conju- 
gate light (converted signal light) 
[0042] In the device shown in FIG. 1 , the above proc- 
esses of polarization separation and polarization com- 
bining are carried out in the polarization beam splitter 
io 10, and the above process of conversion is carried out 
in the PMF 12 as a nonlinear optical medium. 
[0043] FIG. 3 is a diagram for illustrating the polariza- 
tion mode of the PMF 12. The PMF 12 is composed of 
a core 18 having a relatively high refractive index, a 

15 cladding 20 having a relatively low refractive index, for 
covering the core 18, and a pair of stress regions 22 
provided in the cladding 20 on the opposite sides of the 
core 18. In the cross section of the PMF 12, the line 
passing through the centers of the core 18 and the 

20 stress regions 22 is defined as an X axis, and the line 
passing through the center of the core 18 and orthogo- 
nal to the X axis is defined as a Y axis. Each of the X 
axis and the Y axis is referred to as a principal axis. The 
propagation constant of a polarization component hav- 

25 ing a polarization plane parallel to the X axis is largely 
different from the propagation constant of a polarization 
component having a polarization plane parallel to the Y 
axis, so that each polarization component can maintain 
its polarization state during propagation in the PMF 12. 

30 [0044] According to the measurement by the present 
inventor, it has been found that the zero-dispersion 
wavelength for the polarization component having the 
polarization plane parallel to the X axis is different from 
the zero-dispersion wavelength for the polarization 

35 component having the polarization plane parallel to the 
Y axis. 

[0045] Accordingly, in the case of performing polariza- 
tion diversity for one channel by using the two principal 
axes (the X axis and the Y axis) of the PMF 12, the con- 

40 version band cannot be broadened because of the dif- 
ference in zero-dispersion wavelength. 
[0046] In the present invention, one of the two princi- 
pal axes is used as the polarization mode to perform 
polarization diversity, so that the conversion band can 

45 be broadened. This will now be described more specifi- 
cally. 

[0047] Referring to FIG. 1 . signal light E s (wavelength 
X s ) to be converted is supplied to the input port 2. The 
pumping source 4 outputs pump light E P (wavelength 

so Xp). The pumping source 4 may be provided by a laser 
diode, for example. In this case, the pump light E P is a 
substantially linearly polarized wave, and its polarization 
plane is set as will be hereinafter described. The polari- 
zation state of the signal light E s is arbitrary. 

55 [0048] The signal light E s and the pump light Ep are 
multiplexed or combined by the optical coupler 6, and 
supplied to a port 8A of the optical circulator 8. The opti- 
cal circulator 8 functions so as to output light supplied to 
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the port 8A from a port 8B, output light supplied to the 
port 8B from a port 8C, and output light supplied to the 
port 8C from the port 8A. The last function is not used in 
this preferred embodiment 

[0049] The polarization beam splitter 10 has ports 5 
10A, 10B, and 10C. The port 10A is optically connected 
to the port 8B of the optical circulator 8. The ports 10A 
and 10B are coupled by a TM component (first polariza- 
tion component) having a first polarization plane per- 
pendicular to the sheet plane of FIG. 1, and the ports 
10A and 10C are coupled by a TE component (second 
polarization component) having a second polarization 
plane parallel to the sheet plane of FIG. 1. 
[0050] The opposite ends of the PMF 12 are optically 
connected to the ports 10B and 10C of the polarization 
beam splitter 10. For the convenience of description, the 
polarization mode to be maintained by the PMF 12 is 
given by the Y axis shown in FIG. 3. At the port 10B, the 
first polarization plane perpendicular to the sheet plane 
of FIG. 1 is adapted to the polarization mode of the PMF 
12, and at the port 10C, the second polarization plane 
parallel to the sheet plane of FIG. 1 is adapted to the 
polarization mode of the PMF 12. In other words, the Y 
axis of the PMF 12 is perpendicular to the sheet plane 
of FIG. 1 at the port 10B t and parallel to the sheet plane 
of FIG. 1 at the port 10C. That is. the PMF 12 is spatially 
twisted 90° between the ports 10B and 10C. 
[0051] The signal light and the pump light both sup- 
plied to the port 8A of the optical circulator 8 are output 
from the port 8B. The output light from the port 8B is 
separated into a TM component and a TE component 
by the polarization beam splitter 1 0. The TM component 
propagates in the PMF 12 from the port 10B to the port 
10C, and the TE component propagates in the PMF 12 
from the port 10G to the port 10B. The TM component 
initially has a polarization plane perpendicular to the 
sheet plane of FIG. 1 at the time of output from the port 
10B. During propagation in the PMF 12 t the polarization 
plane of the TM component is rotated 90° to become 
parallel to the sheet plane of FIG. 1 at the port 10C. 
Accordingly, the TM component having propagated in 
the PMF 12 clockwise as viewed in FIG. 1 is transmitted 
from the port 10C to the port 10A. On the other hand, 
the TE component initially has a polarization plane par- 
allel to the sheet plane of FIG. 1 at the time of output 
from the port 10C. During propagation in the PMF 12, 
the polarization plane of the TE component is rotated 
90° to become perpendicular to the sheet plane of FIG. 
1 at the port 10B. Accordingly, the TE component hav- 
ing propagated in the PMF 12 counterclockwise as 
viewed in FIG. 1 is transmitted from the port 10B to the 
port 10A. 

[0052] Thus, the TM component and the TE compo- 
nent are combined in the polarization beam splitter 10, 
and output from the port 10A. The output light from the 
port 10A is supplied to the port 8B of the optical circula- 
tor 8, and output from the port 8C. The output light from 
the port 8C is passed through the optical band-pass fil- 



ter 14, and output from the output port 16. 
[0053] The output light from the port 10A of the polar- 
ization beam splitter 10 as the result of combination of 
the TM and TE components include not only the signal 
light and the pump light, but also phase conjugate light 
(converted signal light) Ec (wavelength Xc) newly gen- 
erated in the PMF 12. That is, a part of the signal light is 
converted into phase conjugate light by the four-wave 
mixing based on the signal light and the pump light in 
the PMF 12. The wavelengths X$ t Xp and Xc satisfy the 
above-mentioned relation, and they are therefore differ- 
ent from each other. Accordingly, the phase conjugate 
light is extracted by the optical band-pass filter 14. That 
is, the optical band-pass filter 14 has a passband includ- 
ing the wavelength Xc and excluding the wavelengths 
X§ and Xp 

[0054] As mentioned above, the polarization mode 
corresponding to one (the Y axis) of the principal axes 
of the PMF 12 is used, so that the wavelength of the 
pump light can be made accurately coincident with the 
zero-dispersion wavelength related to the Y axis of the 
PMF 12, thereby broadening the conversion band. As 
compared with the prior art wherein the conversion 
bandwidth is about 40 nm at most, the present invention 
can broaden the conversion bandwidth up to about 100 
nm. 

[0055] In the case that a laser diode is used as the 
pumping source 4, the pump light is given as a substan- 
tially linearly polarized wave. In this case, the polariza- 
tion plane of the pump light is set so that the efficiency 
of conversion from the signal light to the phase conju- 
gate light is not dependent on the polarization state of 
the signal light. More specifically, the polarization plane 
of the pump light may be set so as to be inclined 45° 
with respect to the sheet plane of FIG. 1 at the port 10A 
of the polarization beam splitter 10, in order that the 
ratio of distribution of the pump light to the TM compo- 
nent and the TE component becomes 1:1. 
[0056] Thus, the device according to the present 
invention adopts polarization diversity, thereby enabling 
the provision of a polarization-independent converter. 
[0057] FIG. 4 is a diagram showing a second preferred 
embodiment of the device according to the present 
invention. In this preferred embodiment, a modulating 
circuit 24 is connected to the pumping source 4, so as to 
modulate or dither the phase or frequency of the pump 
tight to be output from the pumping source 4. To improve 
the efficiency of occurrence of four-wave mixing in the 
PMF 12, increasing the power of the pump light is effec- 
tive. However, if the power of the pump light is exces- 
sively increased, the pump light is undesirably reflected 
inside the PMF 12 because of stimulated Brillouin scat- 
tering (SBS). In this preferred embodiment, the occur- 
rence of SBS can be suppressed by modulating or 
dithering the phase or frequency of the pump light, 
thereby enabling the provision of a converter having a 
high conversion efficiency. The modulation frequency 
may be set to hundreds of KHz (e.g., 150 KHz). While 
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direct modulation is applied to the pumping source 4 
provided by an LD, for example, in this preferred embod- 
iment, indirect modulation using an external modulator 
may be applied. 

[0058] FIG. 5 is a block diagram showing a first pre- 5 
ferred embodiment of the system according to the 
present invention. This preferred embodiment is 
intended to compensate for waveform distortion due to 
chromatic dispersion and nonlinear optical Kerr effect in 
an optical fiber transmission line. To this end, the device 10 
shown in FIG. 1 or 4 may be used as a converter (or 
phase conjugator) PC at the substantially midpoint of 
the optical fiber transmission line. However, the phase 
conjugator is not limited by the device shown in FIG. 1 
or 4. The phase conjugator PC is composed of a nonlin- 1 5 
ear optical medium, a pumping light source, and an opti- 
cal means for supplying signal light to the nonlinear 
optical medium along with a pump light generated by 
the pumping light source. The nonlinear optical medium 
provides a second-order (three wave mixing) or third- 20 
order (four wave mixing) nonlinear optical effect. In the 
case of the third-order optical effect, a phase conjugate 
light is generated by a degenerate or non-degenerate 
four wave mixing in the nonlinear optical medium. Avail- 
able for a particular nonlinear optical medium is an opti- 25 
cal semiconductor such as a semiconductor amplifier of 
traveling wave type, an organic medium, an optical 
waveguide using LiNb0 3 or the like, or a single-mode 
fiber. Especially, when using a single-mode fiber, a zero- 
dispersion wavelength of the single-mode fiber and a 30 
wavelength of the pump light are matched to increase a 
phase conjugate light generating efficiency. United 
States Patent No. 5,920,588 discloses a phase conju- 
gator having a DFB (distributed feed-back) laser as the 
nonlinear optical medium. 35 
[0059] Signal light Ea output from a transmitter (TX) is 
transmitted by a first optical fiber F1 (length L 1( disper- 
sion D 1t nonlinear coefficient y 1 ), and thereafter input 
into a phase conjugator (PC). The signal light E 8 is con- 
verted into phase conjugate light Ec in the phase conju- 40 
gator, and the phase conjugate light Ec is then 
transmitted to a receiver (RX) by a second optical fiber 
F2 (length L 2 , dispersion D 2 , nonlinear coefficient •£). 
The receiver has a photodetector for receiving the 
phase conjugate light Ec to detect the signal. As a mod- 45 
ulation method for the signal to be transmitted, various 
methods such as optical amplitude (intensity) modula- 
tion, frequency modulation, and phase modulation may 
be applied. The detection of the received signal may be 
performed by optical direct detection, optical hetero- so 
dyne detection, etc. after extracting the phase conju- 
gate light through a band-pass filter. 
[0060] The optical fiber used in this preferred embod- 
iment is a single-mode silica fiber (SMF) in many cases. 
Typical examples of the single-mode silica fiber are a 55 
1.3-u.m zero-dispersion optical fiber and a 1.55-u.m dis- . 
pension shifted fiber (DSF). 

[0061] The signal light may be wavelength division 



multiplexed (WDM) signal light obtained by wavelength 
division multiplexing a plurality of optical signals having 
different wavelengths. In this case, by arranging the 
wavelengths of the plural optical signals at unequal 
intervals along a wavelength axis, undesirable occur- 
rence of FWM in the optical fiber transmission line can 
be suppressed to thereby prevent crosstalk (this applies 
similarly to the description with reference to FIG. 10 to 
follow). 

[0062] The compensation for waveform distortion due 
to chromatic dispersion and self-phase modulation in 
the optical fiber transmission line of the system shown 
in FIG. 5 can be effected by making equal the magni- 
tudes of dispersion and nonlinear effect in two corre- 
sponding portions of the first and second optical fibers 
F1 and F2 with respect to the phase conjugator PC. 
These corresponding portions are defined as two por- 
tions where the accumulated values of dispersion or 
optical Kerr effect measured from the PC are equal to 
each other. That is, when the optical fiber transmission 
line is virtually divided into a plurality of sections, the 
magnitudes of dispersion and nonlinear effect in any 
symmetrical ones of the sections with respect to the PC 
are to be made equal to each other. This means that the 
dispersions in the symmetrical sections are to be made 
equal to each other and that the following equation is to 
hold between the symmetrical sections. 

D1/Y1P1 =D 2 /y 2 P 2 (1a) 

where P-j and P 2 are the optical powers in the symmet- 
rical sections, and y 1 and y 2 are the nonlinear coeffi- 
cients of optical Kerr effect in the optical fibers F1 and 
F2, respectively. The nonlinear coefficient y (j = 1, 2) is 
expressed as follows: 

Y J = <Dn^/cA cf5 (2a) 

where 00 is the optical angular frequency, c is the veloc- 
ity of light in the vacuum, and n^ and A^ are the non- 
linear refractive index and the effective core area of the 
optical fiber Fj (j = 1 , 2), respectively. 
[0063] The compensation for a decrease in nonlinear 
effect due to loss along the transmission line can be 
effected by reducing dispersion or by increasing optical 
Kerr effect. Changing the dispersion can be made by 
design of an optical fiber, and this method is promising. 
For example, this method is now widely carried out by 
changing the zero-dispersion wavelength of a disper- 
sion shifted fiber (DSF) or by changing the relative index 
difference between the core and the cladding of an opti- 
cal fiber or changing the core diameter. On the other 
hand, changing the optical Kerr effect can be made by 
changing the nonlinear refractive index or by changing 
the optical intensity. 

[0064] The transmission line of the system may be 
composed of a dispersion-decreasing DCF (DD-OCF) 
having such a structure that the dispersion of a disper- 



8 



EP0 987 583 A2 



sion compensating fiber (DCF) is decreased in its longi- 
tudinal direction in proportion to a change in optical Kerr 
effect, and a normal dispersive DSF, thereby allowing 
high-speed, long-haul transmission. 
[0065] It is known that in long-haul transmission using 5 
an optical amplifier, the use of a normal dispersive fiber 
is effective in reducing nonlinear distortion (modulation 
instability) due to noise light in the optical amplifier. 
Accordingly, the above configuration using a normal dis- 
persive DSF is promising. 10 
[0066] In the case that the change in optical Kerr effect 
is not so large (e.g., in the case that the repeater spac- 
ing of optical amplifiers is sufficiently shorter than the 
nonlinear length), the following approximation by aver- 
age power holds in contrast with the above-mentioned is 
exact compensation method. 

D 1 'L 1 = 02*1-2 Pa) 

where and P 2 ' are the average powers in the optical 
fibers F1 and F2, respectively, and Of and D 2 * are the 
average dispersions of the optical fibers F1 and F2, 
respectively. 25 
[0067] Additionally, although not satisfying the ideal 
waveform compensation condition given by Eq. (1a), 
dispersion compensators may be suitably located along 
the transmission line by location of dispersions having 
. opposite signs. 30 
[0068] This method is effective especially in long-haul 
transmission such as submarine transmission. The rea- 
son is as follows: 

[0069] In the compensation using a PC. the waveform 
distortions in optical fibers placed on the upstream and 35 
downstream sides of the PC may be equalized. The 
waveform is most distorted on the opposite sides of the 
PC. Accordingly, the spectrum of an optical pulse is 
most broadened at the position of the PC. On the other 
hand, noises are added from the PC and optical ampli- 40 
tiers in the transmission line, and the broader the spec- 
trum of the optical pulse, the greater the SNR reduction 
due to these noises. Accordingly, designing the system 
so as to suppress the spectral broadening on the oppo- 
site sides of the PC is greatly effective in extending a 45 
transmission distance. 

[0070] In this sense, decreasing a total dispersion of 
a transmission line by dispersion compensation applied 
to the transmission line is effective. 

[0071] The nonlinear coefficient y of a usual DSF (dis- so 
persion shifted fiber) is as small as about 2.6 W 1 km~ 1 . 
Therefore, to obtain a sufficient conversion efficiency in 
the case of using such a usual DSF as a nonlinear opti- 
cal medium for generating phase conjugate light, the 
fiber is required to have a length of 10 km or more. It is ss 
accordingly desired to provide a DSF having a large 
nonlinear coefficient enough to reduce the fiber length. 
If the length of a DSF used as a nonlinear optical 



medium for generating phase conjugate light can be 
reduced, the zero-dispersion wavelength of the DSF 
can be managed with high accuracy, thereby facilitating 
exact matching of the wavelength of pump light to the 
zero-dispersion wavelength of the DSF. As a result, a 
broad conversion band can be obtained. The conver- 
sion band is defined herein as a maximum detuning 
wavelength (detuning frequency) between pump light 
and signal light under the condition that phase conju- 
gate light having a certain power is obtained. 
[0072] In increasing the nonlinear coefficient y t 
increasing the nonlinear refractive index n 2 or decreas- 
ing a mode field diameter (MFD) corresponding to the 
effective core area A^ is effective. Increasing the non- 
linear refractive index n 2 can be effected by doping the 
cladding with fluorine or the like or by doping the core 
with a high concentration of Ge0 2 , for example. By dop- 
ing the core with 25 - 30 mol% of <5e0 2 , a large value of 
5 x 10* 20 m 2 /W or more is obtained as the nonlinear 
refractive index n 2 (in comparison, about 3.2 xlO" 20 
m 2 /W for a normal silica fiber). Decreasing the MFD can 
be effected by suitably setting a relative index difference 
A or by suitably designing the core shape. Such a DSF 
can be designed similarly to a DCF (dispersion com- 
pensating fiber). For example, by doping the core with 
25 - 30 mol% of Ge0 2 and setting the relative index dif- 
ference A to 2.5 - 3.0 %, a small value of less than 4 urn 
is obtained as the MFD. As the total effect, a large value 
of 1 5 V\T 1 km" 1 or more is obtained as the nonlinear coef- 
ficient 7. 

[0073] Another important factor to be considered is 
that the DSF providing such a large value as the nonlin- 
ear coefficient y must have a zero-dispersion wave- 
length included in a pump band. Such consistency 
between the zero-dispersion wavelength and the pump 
band can be attained by setting the fiber parameters 
(e.g.. relative index difference A and MFD) in the follow- 
ing manner. When the relative index difference A in a 
normal optical fiber is increased with the MFD fixed, the 
dispersion is increased in a normal dispersive region. 
The above-mentioned DD-DCF used for pre-compensa- 
tion or post-compensation by a phase conjugator is 
realized on such a principle. On the other hand, the 
larger the core diameter, the smaller the dispersion, 
while the smaller the core diameter, the larger the dis- 
persion. Accordingly, zero dispersion for pump light can 
be obtained by first setting the MFD to a certain value 
adapted to the pump band and thereafter adjusting the 
core diameter so that the zero-dispersion wavelength 
coincides with a predetermined wavelength of the pump 
light. 

[0074] A conversion efficiency tj c in an optical fiber 
having a length L and a loss a can be approximated by 
the following equation. 

n c = exp(-aL)(yPpL) 2 <5a) 

where P P is the average pump light power. Accordingly, 
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as compared with a normal DSF having a nonlinear 
coefficient y of 2.6 V\T 1 km" 1 , a fiber having a nonlinear 
coefficient y of 15 W* 1 krn" 1 can achieve the same con- 
version efficiency with a length smaller by 2.6/15 
1/5.7. In such a normal DSF, a fiber length of about 10 5 
km is required as mentioned above to obtain a suffi- 
ciently large conversion efficiency. To the contrary, in 
such a fiber having a large nonlinear coefficient y as 
mentioned above, a similar conversion efficiency can be 
obtained with a smaller length of about 1 - 2 km. In 10 
actual, the loss is also reduced by an amount corre- 
sponding to the reduction in the fiber length, so that the 
fiber length can be further reduced to obtain the same 
conversion efficiency. In such a shorter DSF, the con- 
trollability of the zero-dispersion wavelength is improved 15 
and therefore the wavelength of the pump light can be 
made to exactly coincide with the zero-dispersion wave- 
length, thus obtaining a broad conversion band. Fur- 
thermore, when the fiber length is several kilometers, a 
polarization plane preserving ability is ensured, so that 20 
the use of such a shorter DSF is greatly effective in 
achieving a high conversion efficiency and a broad con- 
version band and in eliminating polarization depend- 
ence. 

[0075] In effectively generating four-wave mixing by 25 
using an optical fiber, it is important to match the phases 
of signal light, pump light, and phase conjugate light A 
phase mismatch quantity Ak can be approximated by 
the following equation. 



Ak=6a> /p 2 (©p) + 2yP P 



(6a) 



30 



where [^(©p) is the chromatic dispersion at a pump light 
frequency cop and 5co is the frequency difference 
between signal light and pump light. So far as pump 35 
light having a specially large power (e.g., 100 mW or 
more) is not used, the second term in Eq. (6a) is suffi- 
ciently smaller than the first term, and the former is neg- 
ligible. Accordingly, phase matching (making Ak 
approach nearly zero) can be obtained by making the 40 
wavelength of pump light coincide with the zero-disper- 
sion wavelength of the fiber. However, since the zero- 
dispersion wavelength of an actual fiber varies along the 
fiber length, it is not easy to maintain the phase match- 
ing condition over the entire fiber length. 45 
[0076] In a device having an optical fiber as a nonlin- 
ear optical medium for generating phase conjugate 
light, the conversion band for the phase conjugate light 
is limited by the dispersion of the optical fiber. Accord- 
ingly, if the dispersion of the optical fiber along its length so 
is completely controlled, e.g., if an optical fiber having a 
unique zero-dispersion wavelength over the entire fiber 
length (exactly, the nonlinear length) is produced, aeon- 
version band having a virtually infinite width (a width 
unlimited in some range where the dispersion slope is ss 
linear) can be obtained by matching the pump light 
wavelength to the unique zero-dispersion wavelength of 
the optical fiber. However, the zero-dispersion wave- 



length of an actual optical fiber varies along its length 
because of problems in a manufacturing technique for 
the optical fiber, with the result that the phase matching 
condition is deviated from the ideal condition, causing 
limitation of the conversion band. 
[0077] However, by cutting an optical fiber into a plu- 
rality of small sections and then connecting, ^e.g., splic- 
ing the small sections in such an order that the adjacent 
ones of the small sections have similar zero-dispersion 
wavelengths (in an order different from the initial order 
counted from an end of the optical fiber), an optical fiber 
suitable for providing a phase conjugated having a broad 
conversion band can be obtained with the average of 
chromatic dispersions over the entire fiber length being 
unchanged. 

[0078] Alternatively, a broad conversion band can be 
obtained by preparing a plurality of fibers each having a 
length (e.g., hundreds of meters or less) allowing dis- 
persion management with a high accuracy so required 
as to obtain a sufficiently broad conversion band, then 
combining and splicing some of the fibers having 
required zero-dispersion wavelengths to obtain a fiber 
having a length required to obtain a required conversion 
efficiency, and providing a phase conjugator by use of 
this fiber. 

[0079] In the case of broadening the conversion band 
as mentioned above, it is effective to gather the fiber 
portions having smaller zero-dispersion wavelengths or 
having smaller variations in zero-dispersion wavelength 
near a pump light input end of a nonlinear optical 
medium, because the power of pump light is higher near 
the pump light input end. Further, the conversion band 
can be further broadened by increasing the number of 
fiber sections as required and/or by alternately arrang- 
ing the positive and negative signs of dispersion at a 
portion distant from the pump light input end and having 
relatively large dispersions. 

[0080] In dividing an optical fiber into a plurality of sec- 
tions as mentioned above, an index of determining 
whether or not the length of each section is sufficiently 
small may be based on the nonlinear length. As in the 
compensation for nonlinear effect, it can be considered 
that phase matching in FWM (four-wave mixing) in a 
fiber having a length sufficiently smaller than the nonlin- 
ear length is dependent on the average dispersion of 
the fiber. As an example, in FWM using a pump light 
power of about 30 mW in a fiber having a nonlinear 
coefficient y of 2.6 W 1 km" 1 f the nonlinear length 
becomes about 12.8 km, so that the above-mentioned 
index is equal to about 1/10 of this length, Le., about 1 
km. As another example, in FWM using a pump light 
power of about 30 mW in a fiber having a nonlinear 
coefficient y of 15 W" 1 km' 1 , the nonlinear length 
becomes about 2.2 km, so that the above-mentioned 
index is equal to about 1/10 of this length, i.e., about 
200 m. In any case, by measuring the average zero-dis- 
persion wavelengths of fibers each having a length suf- 
ficiently smaller than the nonlinear length, and 
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combining the fibers having substantially the same 
average zero-dispersion wavelength to provide a nonlin- 
ear optical medium having a required conversion effi- 
ciency, a phase conjugator having a broad conversion 
band can be obtained. 

[0081] According to the present invention, there is pro- 
vided a first method for manufacturing a device having a 
nonlinear optical medium for generating phase conju- 
gate light In this method, an optical fiber is first cut into 
a plurality of sections. Then, the plurality of sections are 
rearranged to be connected so that a conversion band 
in nondegenerate four-wave mixing using a nonlinear 
optical medium is maximized, thereby providing a non- 
linear optical medium. By supplying pump light and sig- 
nal light to this nonlinear optical medium, phase 
conjugate light is generated. Thus, the band of conver- 
sion from the signal light into the phase conjugate light 
is sufficiently broad. Accordingly, in the case that the 
signal light is WDM signal light obtained by wavelength 
division multiplexing a plurality of optical signals having 
different wavelengths, the plurality of optical signals can 
be converted simultaneously into the phase conjugate 
light (a plurality of phase conjugate optical signals). 
[0082] Preferably, the dispersions of the plural sec- 
tions (e.g., the dispersions to pump light) are measured, 
and the plural sections are rearranged so that the sec- 
tion having a smaller value of the dispersion is located 
near an input end of a nonlinear optical medium where 
pump light is input. With this configuration, the phase 
matching condition can be effectively obtained at a por- 
tion of the medium where the power of the pump light is 
high, thereby effectively broadening the conversion 
band. 

[0083] Preferably, the plural sections are connected so 
that the positive and negative signs of dispersion of at 
least a part of the plural sections are alternately 
arranged. With this configuration, the average disper- 
sion of each section can be suppressed to thereby 
effectively broaden the conversion band. 
[0084] According to the present invention, there is pro- 
vided a second method for manufacturing a device hav- 
ing a nonlinear optical medium for generating phase 
conjugate light. In this method, an optical fiber is first cut 
into a plurality of sections. Then, the dispersions of the 
plural sections (e.g., the dispersions to pump light) are 
measured. Thereafter, some of the plural sections hav- 
ing smaller dispersions enough to obtain a required 
conversion band by four-wave mixing using a nonlinear 
optical medium are selected to be connected, thereby 
obtaining a nonlinear optical medium. Also in the case 
of constructing a phase conjugator by using the nonlin- 
ear optical medium obtained by this second method, a 
broad conversion band can be obtained, thereby allow- 
ing simultaneous conversion of WDM signal light 
[0085] While the optical fiber is first cut into a plurality 
of sections in each of the first and second methods 
according to the present invention, the present invention 
is not limited to these methods. For example, the optical 



fiber may be cut as required in the following manner. 
- [0086] According to the present invention, there is pro- 
vided a third method for manufacturing a device having 
a nonlinear optical medium for generating phase conju- 
5 gate light In this method, a deviation in zero-dispersion 
wavelength of an optical fiber is first measured. Then, 
the optical fiber is cut into sections in the case that the 
measured deviation is greater than a predetermined 
range. In this case, a deviation in zero-dispersion wave- 
to length of each cut fiber section is converged to fall within 
the predetermined range. Thereafter, the optical fibers 
or cut fiber sections each having a zero-dispersion 
wavelength substantially equal to the wavelength of 
pump light are selected to be connected, thereby 
15 obtaining a nonlinear optical medium. 

[0087] The measurement of the deviation in zero-dis- 
persion wavelength may be made by using the fact that 
the efficiency of occurrence of four-wave mixing differs 
according to zero-dispersion wavelength, for example. 
20 In general, a chromatic dispersion can be obtained by 
measuring a wavelength dependence of group velocity. 
As mentioned above, the best phase matching condition 
in four-wave mixing is obtained when a pump light 
wavelength and a zero-dispersion wavelength coincide 
25 with each other. Accordingly, the zero-dispersion wave- 
length can be obtained as a pump light wavelength giv- 
ing a maximum efficiency of occurrence of four-wave 
mixing (generation of phase conjugate light) as meas- 
ured in the condition where the wavelength difference 
30 between pump light and signal light is set to a relatively 
large fixed value, e.g., about 10-20 nm. Further, the 
efficiency of occurrence of four-wave mixing is propor- 
tional to the square of the intensity of pump light. 
Accordingly, in the case that the zero-dispersion wave- 
35 length varies in the longitudinal direction of an optical 
fiber, different values of the zero-dispersion wavelength 
are generally measured in the case that signal light and 
pump light are input from one end face of the optical 
fiber and in the case that they are input from the other 
40 end face of the optical fiber. Accordingly, the deviation in 
zero-dispersion wavelength of the optical fiber can be 
obtained according to the above two measured values 
of the zero-dispersion wavelength. This method will now 
be described more specifically. 
45 [0088] Referring to FIG. 6, there is shown a manufac- 
turing process 120 for a nonlinear optical medium hav- 
ing a small deviation in zero-dispersion wavelength. In 
step 122, a tolerance AAq may be determined as a sys- 
tem demanded characteristic from a required conver- 
se? sion band. Specifically, the tolerance AAo is 2 nm, for 
example. In step 124, a deviation bX in zero-dispersion 
wavelength is measured. For example, when an optical 
fiber F1 is given, a zero-dispersion wavelength 
obtained in the case that signal light and pump light are 
55 input into the optical fiber F1 from its first end and a 
zero-dispersion wavelength Ao 2 obtained in the case 
that signal light and pump light are input into the optical 
fiber F1 from its second end are measured from the effi- 
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ciency of occurrence of four-wave mixing mentioned 
above. In this case, the value of |X 01 - Xq 2 \ can be used 
as a substitution for the deviation 8X in zero-dispersion 
wavelength. 

[0089] In step 1 26, it is determined whether or not the 
deviation 8X is smaller than the tolerance 6Xq. it is 
assumed that 8X & AAq, the program proceeds to step 
128. In step 128, the optical fiber F1 is cut into two opti- 
cal fibers F1A and F1B. Then, the program returns to 
step 124, and a deviation 6X in each of the optical fibers 
F1A and F1B is measured. Then, the decision of step 
126 is made on each measured deviation 8X. It is 
assumed that each measured deviation 8X is smaller 
than AXq, this flow is ended. In the fiber cutting step 128, 
a point of cutting of the optical fiber F1 is arbitrary. That 
is, the lengths of the optical fibers F1A and F1B may be 
equal to each other or different from each other. 
[0090] While the steps 1 24 and 1 26 are repeated once 
in the above flow, they may not be repeated or may be 
repeated twice or more. For example, in the case that 
an optical fiber F2 having a small deviation in zero-dis- 
persion wavelength is given, the condition is satisfied by 
the decision of step 126 in the first cycle of the flow. In 
this case, the optical fiber F2 is not cut. In contrast, 
when an optical fiber F3 having a zero-dispersion wave- 
length largely varying in the longitudinal direction, the 
optical fiber F3 is cut into.two optical fibers F3A and F3B 
in the step 128 in the first cycle of the flow. In the case 
that the optical fiber F3A satisfies the condition and the 
optical fiber F3B does not satisfy the condition in the 
step 126 in the second cycle of the flow, the optical fiber 
F3B is cut into two optical fibers F3B1 and F3B2 in the 
step 128 in the second cycle of the flow. Thereafter, this 
flow may be ended. In this case, the original optical fiber 
F3 is finally divided into the three optical fibers F3A, 
F3B1, and F3B2, and the deviation 8X in zero-disper- 
sion wavelength of each optical fiber becomes smaller 
than the tolerance AXg. 

[0091] These plural optical fiber sections (the optical 
fibers F1A, F1B, ...) thus obtained are subjected to 
arrangement based on the measured zero-dispersion 
wavelengths of these sections. Then, of all the fiber sec- 
tions, any sections each having a zero-dispersion wave- 
length substantially equal to the wavelength of pump 
light for four-wave mixing are selected to be connected 
up to a length capable of providing a required conver- 
sion efficiency, thus obtaining a nonlinear optical 
medium greatly reduced in variations in zero-dispersion 
wavelength along the fiber length. By using this nonlin- 
ear optical medium to configure a phase conjugator, a 
broad conversion band can be obtained. 
[0092] Although the zero-dispersion wavelengths A01 
and X 02 are substantially equal to each other, an optical 
fiber having a zero-dispersion wavelength greatly vary- 
ing along the fiber length is conceivable. For example, in 
such an optical fiber, the distribution of the zero-disper- 
sion wavelength along the fiber length is symmetrical 
with respect to the longitudinal center of the optical fiber. 



In such a case, the optical fiber is divided into at (east 
two optical fiber sections prior to the process 120, and 
each optical fiber section is subjected to the process 
120. Alternatively, the process 120 may be repeated 
5 plural times. 

[0093] The above-mentioned manufacturing methods 
for a nonlinear optical medium are applicable also to a 
PMF. The effect obtained by the application to a PMF is 
as follows: 

10 [0094] In the case that ideal dispersion management 
has been realized, the polarization state of each optical 
wave becomes a limiting condition of phase matching. 
Although the polarization states of signal tight, pump 
light, and phase conjugate light are made coincident 

15 with each other at a fiber input end, the polarization 
states of optical waves having different wavelengths are 
gradually deviated by the effect of polarization disper- 
sion during propagation in the fiber. This deviation 
increases with an increase in wavelength difference, 

20 causing a limit of the conversion band. The most effec- 
tive method for eliminating this limit is to fix the polariza- 
tion state in the fiber. More specifically, a PMF is 
preferably used as the nonlinear optical medium as pre- 
viously mentioned with reference to"FIG. 1 or 4. Accord- 

25 ingly, a DSF having a large nonlinear coefficient, ideal in 
zero-dispersion wavelength management, and having a 
PMF structure is ideal as a fiber four-wave mixer. By 
making the wavelength of pump light coincide with the 
zero-dispersion wavelength of this fiber, a four-wave 

30 mixer having a greatly broad conversion band can be 
provided. 

[0095] FIG. 7 is a diagram showing a third preferred 
embodiment of the device according to the present 
invention. In this preferred embodiment, there is shown 

35 a device usable for bidirectional transmission owing to 
the symmetry of operation of each of the polarization 
beam splitter 10 and the PMF 12. 
[0096] Like the preferred embodiment shown in "FIG. 
1, phase conjugate light ^ (wavelength Ad) is gener- 

40 ated by four-wave mixing in the PMF 12 on the basis of 
signal light E S1 (wavelength X S1 ) and pump light E P1 
(wavelength X P1 ). In this preferred embodiment, the 
polarization beam splitter 10 has an additional port 10D, 
and the device is further provided with an input port 2', 

45 pumping source 4\ optical coupler 6\ optical circulator 
8', optical band-pass filter 14', and output port 16* 
respectively corresponding to the input port 2, the 
pumping source 4, the optical coupler 6, the optical cir- 
culator 8, the optical band-pass filter 14, and the output 

so port 16, in order to generate second phase conjugate 
light Eq 2 (wavelength Xc 2 ) by four-wave mixing in the 
PMF 12 on the basis of second signal light E S2 (wave- 
length Xs2) and second pump light €p2 (wavelength 
Xp2>- The ports 10B and 10D are coupled by a polariza- 

55 tion component having a polarization plane parallel to 
the sheet plane of FIG. 7. The ports 10C and 10D are 
coupled by a polarization component having a polariza- 
tion plane perpendicular to the sheet plane of FIG. 7. 
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Accordingly, the second signal light E s2 is separated 
into polarization components TM2 and TE2 in the polar- 
ization beam splitter 10 on the same principle as that 
where the signal light E S1 is separated into polarization 
components TM1 and TE1. 

[0097] With this configuration, the generation of the 
phase conjugate light E C1 by the signal light E S1 and the 
pump light E P1 is performed in relation to one principal 
axis (Y axis) of the PMF 12, and the generation of the 
phase conjugate light E C2 by the second signal light E S2 
and the second pump light Ep2 is performed in relation 
to the other principal axis (X axis) of the PMF 12. There- 
fore, the two phase conjugate lights Eci and Eq 2 can be 
generated without mutual interference. 
[0098] Accordingly, in a system having two channels 
of optical transmission lines, by applying the input port 2 
and the output port 16 to one of the two channels and 
applying the input port 2* and the output port 16* to the 
other channel, the conversion can be performed on the 
two channels of optical transmission lines with a single 
device. The effects obtained by the first preferred 
embodiment as mentioned above in detail with refer- 
ence to FIG. 1 can be obtained on each of the two chan- 
nels, so the description thereof will be omitted herein. 
[0099] An implementation of a photonic network using 
a phase conjugator will now be described. FIG. 8 is a 
block diagram for illustrating the principle of a photonic 
network. 

[0100] An optical sender (OS) 202 outputs a signal 
beam. 

[0101] A first optical fiber (fiber span) 204 has a first 
end 204A and a second end 204 B respectively corre- 
sponding to an input end and an output end for the sig- 
nal beam. A first phase conjugator (1st PC) 206 is 
operatively connected to the second end 204B. 
[0102] The first phase conjugator 206 converts the 
signal beam supplied from the first optical fiber 204 into 
a first phase conjugate beam, and outputs the first 
phase conjugate beam. 

[0103] A second optical fiber (fiber span) 208 has a 
third end 208A and a fourth end 208B respectively cor- 
responding to an input end and an output end for the 
first phase conjugate beam. A second phase conjugator 
(2nd PC) 210 is operatively connected to the fourth end 
208B. 

[01 04] The second phase conjugator 210 converts the 
first phase conjugate beam supplied from the second 
optical fiber 208 into a second phase conjugate beam, 
and outputs the second phase conjugate beam. 
[0105] A third optical fiber 212 has a fifth end 212A 
and a sixth end 212B respectively corresponding to an 
input end and an output end for the second phase con- 
jugate beam. 

[0106] An optical receiver (OR) 214 is provided to 
receive the second phase conjugate beam transmitted 
by the third optical fiber 212. 

[0107] A system midpoint 216 is set on the midway of 
the second optical fiber 208. The system midpoint 216 



will be hereinafter defined. 

[0108] The second optical fiber 208 consists of a first 
portion 281 extending between the third -end 208A and 
the system midpoint 216, and a second portion 282 
5 extending between the system midpoint 216 and the 
fourth end 208B. 

[01 09] I n the present invention, parameters in the opti- 
cal fibers 204, 208, and 212 are set in the following 
manner. 

10 [0110] First the first optical fiber 204 is virtually 
divided into N (N is an integer greater than 1) sections 
204(#1) to 204(#N), and the first portion 281 of the sec- 
ond optical fiber 208 is also virtually divided into N sec- 
tions 281 (#1 ) to 281 (#N), the number N of division being 

15 the same as that of the first optical fiber 204. In two cor- 
responding ones of the sections 204(#1) to 204(#N) and 
the sections 281(#1) to 281(#N) counted from the first 
phase conjugator 206, the product of the average of 
chromatic dispersions and the length of one of the two 

20 corresponding sections is made coincident with the 
product of the average of chromatic dispersions and the 
length of the other one of the two corresponding sec- 
tions. More specifically, letting D 1} and respectively 
, .denote the average of chromatic dispersions (or disper- 

25 sion parameters) and the length of the i-th (1 sis N) 
section 204(#t) in the first optical fiber 204 as counted 
from the first phase conjugator 206, and letting Da and 
L 2f respectively denote the average of chromatic disper- 
sions (or dispersion parameters) and the length of the i- 

30 th section 281 (#i) in the first portion 281 of the second 
optical fiber 208 as counted from the first phase conju- 
gator 206, the following equation is satisfied. 



°iil-ir 



D 2i L 2 i 



(D 



35 



[01 1 1] Further, letting P«, j and y 1 j respectively denote 
the average of optical powers and the average of nonlin- 
ear coefficients in the i-th section 204(#i), and letting P^ 
and y 2 i respectively denote the average of optical pow- 
40 ers and the average of nonlinear coefficients in the i-th 
section 281 (#i), the following equation is satisfied. 



P 1iYli L 1i = P 2iY2i L 2i 



(2) 



45 [0112] On the other hand, the second portion 282 of 
the second optical fiber 208 is virtually divided into M (M 
is an integer greater than 1) sections 282(#1) to 
282(#M), and the third optical fiber 212 is also virtually 
divided into M sections 212(#1) to 212(#M), the number 

so M of division being the same as that of the second por- 
tion 282. 

[0113] Letting D 3 j and L 3 j respectively denote the 
average of chromatic dispersions and the length of the 
j-th (1 a j s M) section 282(#j) in the second portion 282 
55 of the second optical fiber 208 as counted from the sec- 
ond phase conjugator 210, and letting D 4j and L 4j 
respectively denote the average of chromatic disper- 
sions and the length of the j-th section 212(#j) in the 
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third optical fiber 212 as counted from the second phase 
conjugator 210, the following equation is satisfied. 



lj L 3j = D 4j L 4j 



(3) 



[0114] Further, letting P 3 j and y 3 j respectively denote 
the average of optical powers and the average of nonlin- 
ear coefficients in the j-th section 282(#j), and letting P 4 j 
and y 4 j respectively denote the average of optical pow- 
ers and the average of nonlinear coefficients in the j-th 
section 212(#j), the following equation is satisfied. 



P 3j?3j L 3j = P 4jY4j L 4j 



(4) 



[0115] In the system shown in FIG. 8, the waveform 
distortion becomes large once on the downstream side 
of the first phase conjugator 206. However, since the 
conditions of Eqs. (1) and (2) are satisfied, the chro- 
matic dispersion and the nonlinearity are compensated 
at the system midpoint 216, so that the waveform is 
once returned to the original form. This restored wave- 
form is distorted again on the downstream side of the 
second phase conjugator 210. However, since the con- 
ditions of Eqs. (3) and (4) are satisfied, the chromatic 
dispersion and the nonlinearity are compensated at the 
optical receiver 214 to thereby restore the original wave- 
form. 

[0116] The configuration shown in FIG. 8 is tolerant to 
a setting error of the length or other parameters of the 
second optical fiber 208 to be possibly placed on the 
sea bed or the like. That is, even though the waveform is 
not completely returned to the original form at the sys- 
tem midpoint 216, this incompleteness is regenerated in 
the second portion 282, the second phase conjugator 
210, and the third optical fiber 212, thereby completely 
restoring the original waveform at the optical receiver 
214. 

[01 1 7] Referring to FIG. 9, there is shown the principle 
of compensation for the chromatic dispersion and the 
nonlinearity in the configuration shown in FIG. 8. This 
compensation principle may be applied also to the other 
preferred embodiments. FIG. 9 illustrates the principle 
of compensation in the path from the optical sender 202 
to the system midpoint 216. Prior to the description of 
the compensation principle with reference to FIG. 9, the 
general facts on phase conjugate waves will now be 
described. 

[0118] The propagation of an optical signal 
E(x, y, z, t) = F(x, y)<|>(z, t)exp[i(cot - kz)] in optical fiber 
transmission can be generally described by the follow- 
ing nonlinear wave equation, in which F(x, y) represents 
a lateral mode distribution, and <|>(z, t) represents a com- 
plex envelope of light. It is assumed that 4>(z, t) changes 
much more slowly than the frequency co of light. 



i-< i / 2) p 



A* 
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where T = t - p 1 z (P 1 : propagation constant), a 
is the fiber loss, p 2 is tne chromatic dispersion of a fiber, 
and y is the third-order nonlinear coefficient (the coeffi- 
cient of optical Ken- effect). 



con* 



<*eff 



(6) 



[01 1 9] In Eq. (6), n 2 and Aeir are the nonlinear refrac- 
tive index and effective core area of a fiber, respectively, 
and c is the velocity of light in the vacuum. In this case, 
the first-order dispersion is considered and the higher- 
order dispersion is omitted. Further, it is assumed that 
a, p, and y are functions of z, i.e., they are represented 
by a(z), p(z), and *y(z), respectively. Further, the position 
of the phase conjugator is set to an origin (z = 0). The 
following normalized function is now introduced. 



where, 



<>(z,T)=A<z)u(z,T) (7) 



A(z)-A(0)expf-( 1 / 2 )Ja(z)dzl (8) 



[0120] A(z) represents the amplitude, wherein it 
shows that when <x(z) > 0, the transmission line has a 
loss, whereas when a(z) < 0, the transmission line has 
a gain. Further, A(z) - A(0) shows the transmission 
line has no loss. Further, A(z) 2 = P(z) corresponds to 
optical power. Insertion of "Eqs. (7) and (8) into Eq, (5) 
gives the following evolution equation. 



i§~ = ( 1 / 2 )p 2 (z) 



afu 
3T 2 



Y(z)A(z) 2 |u| 2 u 



(9) 



[0121] The following transformation will now be made, 
z 

S=j0 2 <Z)|d2 -(10) 
0 



[01 22] As a result, €q. (9) can be transformed into the 
following equation. 



.au_ sgn[p 2 l a 2 u 

,_ 



where sgn[P2] - ±1 takes +1 in the case of p 2 > 0, i.e., 
normal dispersion, or takes -1 in the case of p 2 < 0, i.e., 
anomalous dispersion. If Eq. (11) holds, the complex 
conjugate of Eq. (11) also holds to obtain the following 



14 



27 



EP 0 987 583 A2 



equation. 



(12) 



[0123] The complex conjugate light u* follows the 
same evolution equation as that for u. However, the 
propagation direction is inverted. This operation is just 
the operation of a phase conjugator. Particularly in a 
transmission type phase conjugator, the above descrip- 
tion is equivalent to inverting a phase shift due to chro- 
matic dispersion and SPM. 

[0124] In FIG. 9 f L 1 denotes the length of the first opti- 
cal fiber 204, and L 2 denotes the length of the first por- 
tion 281 of the second optical fiber 208. The phase 
conjugator 206 is located at the origin z = 0 (£ = 0) of z 
coordinates and C coordinates. The z coordinate and £ 
coordinate of the system midpoint 216 are represented 
by L 2 and £o» respectively. 

[0125] In the first optical fiber 204, a signal beam u 
(E s ) propagates in accordance with Eq. (11), the evolu- 
tion equation. The signal beam u is converted into a 
phase conjugate beam u* (Ec) by the phase conjugator 
206. The phase conjugate beam u* propagates in the 
first portion 281 of the second optical fiber 208 in 
accordance with Eq. (12), the evolution equation. 
[0126] By setting the value of each parameter so that 
the coefficients of the first and second terms of the right 
side of Eq. (11) become equal to each other within a 
normalized distance d£ between two arbitrary points -£ 
and £ symmetrical with respect to the position (£ = 0) of 
the phase conjugator 206 on the £ axis, u* at the point £ 
becomes a phase conjugate wave of u at the point In 
other words, the following two equations are the condi- 
tions for compensation. 



sgn[p 2 K)] = sgn[p 2 («] 



(13) 
(14) 



[0127] Eq. (13) shows that the signs of dispersions of 
the first optical fiber 204 and the first portion 281 must 
be the same. In consideration of the fact that y > 0 and 
A(z) 2 > 0, the above conditions can be summarized as 
follows: 



P 2 K> 0 2 (C) 



(15) 



[0128] The phase shift due to chromatic dispersion 
and SPM at the point (-Q in the first optical fiber 204 is 
inverted in sign by the phase conjugator 206. Accord- 
ingly, the waveform distortion due to this phase shift is 
compensated by the waveform distortion due to the 
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phase shift at the point (Q in the first portion 281. Such 
compensation by the above setting is repeated in «ach 
section to thereby allow compensation over the entire 
fiber length. 

[0129] The above compensation condition will now be 
described in terms of z coordinates. Eq. <15) is rewritten 
as follows: 



tf-z^-z^ _y<z 2 )A(z 2 r 



e 2 <-*i) 



P 2 (z 2 ) 



(16) 



[0130] In other words, the compensation condition is 
to equalize the ratio of the product of a nonlinear coeffi- 
cient and an optical power to a chromatic dispersion in 
a certain section and the ratio of the product of a nonlin- 
ear coefficient and an optical power to a chromatic dis- 
persion in the corresponding section. In Eq. (16). -z^ 
and z 2 are two points satisfying the following equation. 



-z1 



J|P 2 (z)|dz = -J|p 2 (z)|dz 



(17) 



[0131] From Eqs. (16) and (17), the following equa- 
tions are obtained. 



P 2 (-z 1 )dz 1 = p 2 (z 2 )dz 2 



(18) 



tf-z^At-z^dz, =7(z 2 )A(z 2 ) 2 dz 2 (19) 

[0132] In Eqs. (18) and <19), dZi and dz 2 are the 
lengths of small sections at the points -z 1 and z 2 , 
respectively. The length of each small section is 
inversely proportional to a dispersion in the same small 
section or inversely proportional to the product of a non- 
linear coefficient and an optical power in the same small 
section. In consideration of the relation between a dis- 
persion P2 and a dispersion parameter D, i.e., 
D = -(2 7tc/X 2 )p 2 . tne following relations are obtained 
from Eqs. (18) and (19). The dispersion parameter D is 
a function of z, that is, it is represented by D(z). 

D(-z 1 )dz 1 =D(z 2 )dz 2 (20) 

tf-z^PC-z^dZ! =y(z 2 )P(z 2 )dz 2 (21) 

[0133] It is understood fromEqs. (20) and (21) that the 
compensation condition is to equalize an increment in 
each of dispersion and nonlinearity at one of two posi- 
tions symmetrical with respect to the phase conjugator 
206 and a decrement in each of dispersion and nonline- 
arity at the other position. 

[0134] Eqs. (20) and "(21 ) are necessary conditions for 
compensation, which show that the total dispersions of 
two corresponding sections are equal and that the total 
optical Kerr phase shifts of two corresponding sections 
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are equal. That is, the effectiveness of the conditions of 
Eqs. (1) to (4) has now been confirmed. 
[01 35] Particularly in the case that a, D, and y are con- 
stant and variations in power are small, the following 
equations are obtained by integrating Eqs. (20) and s 
(21). 



1 U 1 



D 2 L 2 



YiPiIm = Y 2 P 2 L 2 



(22) 

(23) 10 



where and P 2 are the average powers in the first opti- 
cal fiber 204 and the first portion 281, respectively. Fur- 
ther, D 1 and y^ are the average of dispersion 
parameters and the average of nonlinear coefficients of 15 
the first optical fiber 204, respectively, and D 2 and y^ are 
the average of dispersion parameters and the average 
of nonlinear coefficients of the first portion 281, respec- 
tively. Eqs. (22) and (23) are coincident with the condi- 
tions in dispersion compensation and SPM 20 
compensation by average approximation. 
[0136] From the viewpoint of practicality, the present 
invention can be carried out by satisfying only the condi- 
tion of Eq. (22). That is, according to the present inven- 
tion, there is provided an optical fiber communication 25 
system comprising a first optical fiber having a first end 
and a second end respectively corresponding to an 
input end and an output end for a signal beam, a phase 
conjugator operatively connected to the second end for 
converting the signal beam into a phase conjugate 30 
beam and outputting the phase conjugate beam, and a 
second optical fiber having a third end and a fourth end 
respectively corresponding to an input end and an out- 
put end for the phase conjugate beam, wherein the 
product of the average of chromatic dispersions of the 35 
first optical fiber and the length of the first optical fiber is 
substantially equal to the product of the average of chro- 
matic dispersions of the second optical fiber and the 
length of the second optical fiber. 

[0137] Preferably, to satisfy the condition of Eq. (23), 40 
the product of the average of optical powers in the first 
optical fiber, the average of nonlinear coefficients in the 
first optical fiber, and the length of the first optical fiber is 
substantially equal to the product of the average of opti- 
cal powers in the second optical fiber, the average of 45 
nonlinear coefficients in the second optical fiber, and the 
length of the second optical fiber. 
[0138] In the case that a plurality of optical amplifiers 
are provided on an optical path including the first and 
second optical fibers, the spacing between any adjacent so 
ones of the plural optical amplifiers is preferably set 
shorter than the nonlinear length of the optical path 
(optical fiber). 

[01 39] While FIG. 9 shows the principle of compensa- 
tion on the upstream side of the system midpoint 216, 55 
the principle of compensation on the downstream side 
of the system midpoint 216 can be similarly understood, 
so the description thereof will be omitted herein. 



[0140] In the description with reference to 'FIG. 9, the 
normalized coordinates are defined by the accumulated 
value of chromatic dispersions from the phase conjuga- 
tor 206 as shown by~Eq. (10). As a result, the required 
condition is that at two corresponding points on the first 
optical fiber 204 and the first portion 281 where the 
accumulated values of chromatic dispersions from the 
phase conjugator 206 are equal to each other, the ratio 
of the product of an optical power and a nonlinear coef- 
ficient to a chromatic dispersion at one of the two corre- 
sponding points is substantially equal to the ratio of the 
product of an optical power and a nonlinear coefficient 
to a chromatic dispersion at the other point as shown by 
Eq.(15). 

[0141] Alternatively, the normalized coordinates in 
FIG. 9 may be defined by the accumulated value of non- 
linear effects (i.e., the accumulated value of the prod- 
ucts of optical powers and nonlinear coefficients) from 
the phase conjugator 206. In this case, the required 
condition is that at two corresponding points on the first 
optical fiber 204 and the first portion 281 where the 
above-mentioned accumulated values are equal to 
each other, the ratio of the product of an optical power 
and a nonlinear coefficient to a chromatic dispersion at 
one of the two corresponding points is substantially 
equal to the ratio of the product of an optical power and 
a nonlinear coefficient to a chromatic dispersion at the 
other point 

[0142] As described above, between the first optical 
fiber and the second optical fiber both connected to the 
phase conjugator, the total dispersion of the first optical 
fiber is set equal to the total dispersion of the second 
optical fiber, and the total quantity of optical Kerr effects 
in the first optical fiber is set equal to the total quantity of 
optical Kerr effects in the second optical fiber, so that 
waveform distortion is compensated by the phase con- 
jugator in such a manner that the waveform of an optical 
pulse input into the first optical fiber becomes substan- 
tially the same as the waveform of an optical pulse out- 
put from the second optical fiber. In other words, at the 
transmitting end of an optical pulse (the input end of the 
first optical fiber) and the receiving end of an optical 
pulse (the output end of the second optical fiber), the 
optical pulse waveforms having substantially the same 
shape can be obtained. Accordingly, by providing opti- 
cal ADMs (add/drop multiplexers) at the input end and 
the output end, a receiving optical pulse can be 
received in the same condition as that of a transmitted 
optical pulse. As a result, at each ADM the regeneration 
(waveform shaping and retiming) of a receiving optical 
pulse can be omitted without degradation in SNR of the 
receiving optical pulse, thereby allowing the construc- 
tion of a flexible system. There will now be described a 
so-called photonic network utilizing this principle. 
[0143] Since the device according to the present 
invention has a broad conversion band, it can be effec- 
tively applied to wavelength division multiplexing. This 
application will now be described more specifically. 
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[0144] FIG. 10 is a diagram for illustrating simultane- 
ous (multi-channel) conversion of WDM signal light by a 
phase conjugator having a broad conversion band. The 
WDM signal light is obtained by wavelength division 
multiplexing (WDM) N channels of optical signals hav- 5 
ing different wavelengths X 1 to X^. It is assumed that \<\ 
is the shortest wavelength and Xn is the longest wave- 
length. The wavelength Xp of pump light is set shorter 
than X. 1p for example. The WDM signal light is converted 
into converted light by nondegenerate four-wave mixing 10 
using the pump light The converted light is composed 
of N channels of converted optical signals having differ- 
ent wavelengths X, J to X^\ The wavelengths \ and Xf (1 
sisN) of the WDM signal light and the converted light 
are arranged symmetrically with respect to the wave- 15 
length Xp of the pump light. 

[0145] In four-wave mixing using an optical fiber or a 
PMF as a nonlinear optical medium, the conversion 
band is substantially flat. Accordingly, wavelength con- 
version and phase conjugate conversion can be per- 20 
formed with substantially the same conversion 
efficiency to the optical signals of all the channels. 
Accordingly, waveform distortion due .to chromatic dis- 
persion and nonlinear effect in a transmission line can 
be compensated for each channel, thereby allowing 25 
long-haul, large-capacity transmission. While the con- 
version from a longer-wavelength band to a shorter- 
wavelength band is shown in FIG. 10, it is needless to 
say that the conversion from a shorter-wavelength band 
to a longer-wavelength band can be made similarly, 30 
because the conversion band by an optical fiber is sym- 
metrical with respect to a zero-dispersion wavelength. 
[0146] FIG. 11 is a block diagram showing a second 
preferred embodiment of the system according to the 
present invention. A plurality of optical fiber networks 35 
NW1, NW2, and NW3 each adopting WDM are con- 
nected by an optical fiber transmission line 140 and 
nodes 142. A phase conjugator PC1 1 is provided on the 
midway of the optical fiber transmission line 140 to per- 
form conversion between the networks NW1 and NW2, 40 
and a phase conjugator PC23 is provided on the mid- 
way of the optical fiber transmission line 140 to perform 
conversion between the networks NW2 and NW3. In the 
networks NW1, IMW2. and NW3, WDM transmission in 
different wavelength bands Xy, Xq, and X. 3 j is carried 45 
out, respectively. The phase conjugator PC1 1 performs 
wavelength conversion and phase conjugate conver- 
sion between the wavelength bands Xy and X^ t and the 
phase conjugator PC23 performs wavelength conver- 
sion and phase conjugate conversion between the so 
wavelength bands X^j and ^3j> There are some positions 
on the optical fiber transmission line 140 where wave- 
form distortion due to chromatic dispersion and nonlin- 
ear effect can be compensated for according to the 
present invention. Accordingly, the nodes 142 are 55 
located at these positions. Each node 142 includes an 
optical add/drop multiplexer for adding and dropping an 
optical signal. The optical add/drop multiplexer func- 
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tions to all or part of the channels of WDM signal light or 
converted light For example, in the case that the wave- 
length band Xy of the optical fiber network NW1 is given 
by the wavelength region of the WDM signal light shown 
in FIG. 10 and the wavelength of pump light in the phase 
conjugator PC11 is Xp the wavelength band X^j of the 
optical fiber network NW2 is given by the wavelength 
region of the converted light 

[0147] With such a system configuration, waveform 
distortion compensation and wavelength conversion by 
a phase conjugator can be effectively utilized, thereby 
allowing construction of a long-haul, large-capacity flex- 
ible system. Further, such application to the transmis- 
sion between networks has recently become important 
especially in the following points. 

(1) Broadening of the gain bandwidth of an optical 
amplifier. 

(2) Widening of variety of dispersion of an optical 
fiber used as a transmission line. 

[0148] The first point <1) is related to recent broaden- 
ing of the gain bandwidth of an EDFA (erbium doped 
fiber amplifier), and the second point {2) is related to 
speed-up of a transmitted signal and dispersion man- 
agement for WDM transmission. There has recently 
been developed an EOFA having a broad gain band- 
width of more than 50 nm and excellent in gain flatness 
as intended for WDM. It is expected that the gain band- 
width will be further broadened in the future, and for 
example, an EDFA having a broad gain bandwidth of 
about 60 - 80 nm will be developed. While it is needless 
to say that such broadening of the gain bandwidth of an 
EDFA is useful for increasing the number of WDM chan- 
nels (transmission capacity), the gain bandwidth broad- 
ening enables introduction of a new concept in the 
transmission between networks shown in FIG. 11, for 
example. 

[0149] For example, in the case that the wavelength 
bands of the optical fiber networks NW1 and NW2 
shown in FIG. 11 are set as shown in FIG. 12, effective 
transmission according to the present invention is 
allowed between the optical fiber networks NW1 and 
NW2. In FIG. 12, reference numeral 144 denotes a rel- 
atively flat gain band of an optical amplifier (e.g., -EDFA). 
[01 50] One of the reasons for such difference between 
the wavelength bands of the networks is that optical fib- 
ers used as the transmission lines in the networks are 
different A 1.3-u.m zero-dispersion single-mode fiber 
<so-called standard SMF) and a 1.55-u.m dispersion 
shifted fiber (DSF) are known as optical fibers practi- 
cally used at present. On the other hand, recent devel- 
opments in EDFAs show that the wavelength band for 
high-speed, long-haul transmission in particular has 
mainly become a 1.55-u.m band. That is, the standard 
SMF shows a large anomalous dispersion of about +16 
- +20 ps/nm/km, whereas the DSF can suppress the 
dispersion down to a small value of about ±1-2 
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ps/nm/km, so that the DSF is advantageous over the 
standard SMF for high-speed, long-haul transmission in 
a 1.55-p.m band. However, many standard SMFs have 
already been installed, and there are many networks 
that are obliged to use the standard SMFs as the trans- 
mission lines. In connecting such a network using a 
standard SMF to another network using a DSF, it is nec- 
essary to perform wavelength conversion from the 
wavelength band of the network using the standard 
SMF to a wavelength band giving an optimum disper- 
sion of the DSF. In such a case, the present invention is 
accordingly effective. 

[0151] Moreover, also in connecting networks each 
using a DSF, the present invention is effective, because 
smaller dispersions are not always advantageous in 
WDM. In relatively high-speed WDM, the power level in 
each channel must be set to a considerably high level, 
so as to ensure a required signal-to-noise ratio (SNR). 
In this case, if the dispersion of an optical fiber used as 
the transmission line is small, there occurs interchannel 
crosstalk due to four-wave mixing, causing a degrada- 
tion in transmission characteristics. To avoid this effect, 
there is a recent case of using a nonzero dispersion- 
shifted fiber having a zero-dispersion wavelength 
largely shifted from a signal band to have a relatively 
large dispersion. In this manner, a wide variety of optical 
fibers have now been used as the transmission line, so 
that networks using various wavelength bands can be 
constructed. Accordingly, in connecting such networks, 
the present invention intended to realize broadband 
wavelength conversion and phase conjugate conver- 
sion becomes effective. 

[0152] While a wide variety of EDFAs have also been 
used in recent years, the most general EDFA is of a type 
having gain peaks in a 1.53-u.m band and in a 1.55-u.m 
band. The former band is called a blue band, and the 
latter band is called a red band. 

[0153] FIG. 13 is a diagram showing another example 
of setting of the wavelength bands in FIG. 11. In this 
example, the wavelength band of the optical fiber net- 
work NW1 is included in the red band of the EDFA as 
shown by reference numeral 146, and the wavelength 
band of the optical fiber network NW2 is included in the 
blue band of the EDFA as shown by reference numeral 
148. By this setting, in the case that the optical fiber 
transmission line 140 or each network includes in-line 
EDFAs, phase conjugate conversion between the red 
band and the blue band can be easily carried out. 
[0154] FIG. 14 is a diagram showing an example of 
dispersion allocation in FIG. 1 1. D-j and D 2 (ps/nm/km in 
unit for each) represent the dispersions in the optical 
fiber networks NW1 and NW2, respectively. In this 
example, WDM is performed in each network by using a 
normal dispersion, fiber. It is expected that the influ- 
ences of dispersion in two corresponding channels are 
different between before conversion and after conver- 
sion, because the channel location is inverted by the 
wavelength conversion as shown in FIG. 10. However, 



this problem can be solved by making the influences of 
dispersion substantially equal between near center 
channels and by performing dispersion compensation in 
each network. The dispersion in each network may be 

5 normal dispersion or anomalous dispersion. 

[0155] As described above, according to the present 
invention, there is provided an optical fiber communica- 
tion system comprising a plurality of optical fiber net- 
works for WDM signal light obtained by wavelength 

10 division multiplexing (WDM) a plurality of optical signals 
having different wavelengths, and at least one converter 
for connecting these optical fiber networks. The con- 
verter performs simultaneous wavelength conversion 
and phase conjugate conversion of the plural optical 

15 signals, thereby easily constructing a long-haul, large- 
capacity flexible system. 

[0150] Recently, an €DFA having a flat gain over a 
wavelength region including the red band and the blue 
band has been developed. By codoping an erbium 

20 doped fiber with a high concentration of aluminum and 
using a gain equalizer in combination, an optical ampli- 
fier having a gain bandwidth of about 40 nm (at about 
1525 - 1565 nm) has been realized. This band is some- 
times called a C band. 

25 [0157] On the other hand, an optical amplifier having 
a flat gain in a band of 1570 - 1610 nm shifted from the 
C band toward longer wavelengths is now being devel- 
oped. This band is sometimes called an L band. This 
optical amplifier is called a gain-shifted EDFA. By mak- 

30 ing the length of an aluminum-codoped EDFA larger 
than the length of an EDFA having aC band, the gain in 
the L band can be ensured although the gain per unit 
length in the L band is originally small. 
[0158] By combining an optical amplifier having a C 

35 band and an optical amplifier having an L band in paral- 
lel, an optical amplifier having a gain bandwidth of about 
80 nm has been developed. Further, by using a tellu- 
ride-based EDFA, an optical amplifier having a gain 
bandwidth of about 80 nm is now being developed. 

40 [0159] FIG. 15 is a diagram showing still another 
example of setting of the wavelength bands in FIG. 11. 
In this example, the wavelength band of the optical fiber 
network NW1 is included in an L band shown by refer- 
ence numeral 152, and the wavelength band of the opti- 

45 cal fiber network NW2 is included in aC band shown by 
reference numeral 154. 

[0160] According to the present invention, a broad 
conversion band is obtained. Accordingly, the combina- 
tion of the device according to the present invention and 
so an optical amplifier having a broad gain band is greatly 
useful for construction of a long-haul, large-capacity 
flexible system. 

[0161] In general, when WDM signal light is input to a 
four-wave mixer FWM, the WDM signal light and con- 
55 verted light are output from the four-wave mixer FWM as 
shown in FIG. 16. The four-wave mixer f^M may be 
provided by the device according to the present inven- 
tion or a phase conjugator. In a four-wave mixer having 
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a sufficiently high efficiency, input signal light is ampli- 
fied by the parametric effect Letting G denote the para- 
metric gain to the signal light the converted light gives 
a gain (G - 1). Thus, the four-wave mixer has a main fea- 
ture that it transmits the signal light and can also output 
the converted light. By utilizing this feature, a four-wave 
mixer can be applied to a WDM network in the following 
manner. 

[0162] FIG. 17 is a block diagram showing a third pre- 
ferred embodiment of the system according to the 
present invention. In this preferred embodiment, optical 
fiber networks NW1 and NW2 as mentioned above with 
reference to FIG. 11 are connected by a four-wave 
mixer FWM to allow conversion between a wavelength 
band X^ and a wavelength band X^j. The four-wave 
mixer FWM may be provided by the device shown in 
FIG. 7, which allows bidirectional transmission. 
[0163] FIG. 18 is a block diagram showing a fourth 
preferred embodiment of the system according to the 
present invention. Each of the optical fiber networks 
NW1 and NW2 should be regarded as including the 
function of a usual transmission line. That is, in the case 
that bidirectional transmission as shown in FIG. 18 is 
carried out, the downstream line and the upstream line 
shown in FIG. 18 should be understood as the optical 
fiber networks NW1 and NW2, respectively. 
[0164] In the system shown in FIG. 18, a four-wave 
mixer FWM for converting a wavelength band into a 
wavelength band X 2 \ is provided to perform loop-back 
from the downstream line to the upstream line, and 
another four-wave mixer FWM for converting the wave- 
length band X 2 \ into tne wavelength band X^ is provided 
to perform loop-back from the upstream line to the 
downstream line. Each four-wave mixer FWM may be 
provided by the device shown in FIG. 1 or 4. Alterna- 
tively, these two four-wave mixers FWMs may be pro- 
vided by the single device shown in FIG. 7. 
[0165] Having thus described various applications 
wherein all the channels of WDM signal light subjected 
to simultaneous wavelength conversion are transferred, 
an arbitrary one of the channels of WDM signal light can 
be transferred by using an optical ADM as mentioned 
above in combination, thereby allowing construction of a 
more flexible system. 

[0166] FIG. 19 is a block diagram showing a fifth pre- 
ferred embodiment of the system according to the 
present invention. In this preferred embodiment, WDM 
signal light having a wavelength band X 1 j in an optical 
fiber network NW1 is converted into converted light by a 
four-wave mixer FWM, and an arbitrary wavelength 
channel is dropped according to this converted light by 
an optical add/drop multiplexer ADM. Then, the dropped 
signal is fed to an optical fiber network NW2. Similarly, 
WDM signal light having a wavelength band X^ in the 
optical fiber network NW2 is converted into converted 
light by another four-wave mixer FWM, and an arbitrary 
wavelength channel is dropped according to this con- 
verted light by another optical add/drop multiplexer 
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ADM. Then, the dropped signal is fed to the optical fiber 
network NW1 . 

[0167] FIG. 20 is a block diagram showing a sixth pre- 
ferred embodiment of the system according to the 

5 present invention. In contrast to the system shown in 
FIG. 19, the system shown in FIG. 20 is characterized in 
that first and second four-wave mixers FWMs are 
included in optical fiber networks NW1 and IMW2, 
respectively. Accordingly, in the optical fiber network 

10 NW1, WDM signal light having a wavelength band 
can be passed through the first four-wave mixer FWM. 
Similarly, in the optical fiber network NW2, WDM signal 
light having a wavelength band can be passed 
through the second four-wave mixer FWM. Like the sys- 

15 tern shown in FIG. 18, the system shown in FIG. 20 can 
also be applied to bidirectional transmission or the like. 
[0168] FIG. 21 is a block diagram showing a seventh 
preferred embodiment of the system according to the 
present invention. An optical add/drop multiplexer ADM 

20 is provided on a transmission line. A signal of an arbi- 
trary wavelength channel is dropped by the optical 
add/drop multiplexer ADM from WDM signal light trans- 
mitted by the transmission line, and this dropped signal 
is subjected to wavelength conversion into the wave- 

25 length bands X 1 j and X^ of optical fiber networks NW1 
and NW2 by four-wave mixers FWMs. Then, the con- 
verted lights from the four-wave mixers FWMs are fed to 
the optical fiber networks NW1 and NW2. Conversely, 
WDM signal light in each optical fiber network is sub- 

30 jected to wavelength conversion into a wavelength band 
of the transmission line by the corresponding four-wave 
mixer FWM, and a signal of a required wavelength 
channel is dropped from the converted light and fed to 
the transmission line. 

35 [0169] FIG. 22 is a block diagram showing an eighth 
preferred embodiment of the system according to the 
present invention. In contrast to the system shown in 
FIG. 1 1, the system shown in FIG.22 is characterized in 
that optical add/drop multiplexers ADMs are provided in 

40 place of the nodes 142. The optical add/drop multiplex- 
ers ADMs are provided on the optical fiber transmission 
line 140 at specific points where waveform distortion 
can be most compensated by the phase conjugators 
PCs. In each optical add/drop multiplexer ADM, a signal 

45 of an arbitrary wavelength channel is added or dropped. 
[01 70] FIG. 23 is a block diagram showing a ninth pre- 
ferred embodiment of the system according to the 
present invention. In this preferred embodiment, a com- 
mon wavelength band Xq is set in the optical fiber trans- 

50 mission line 140, and phase conjugators PCs are 
included in the optical fiber networks NW1, NW2, and 
NW3. In each phase conjugator PC, wavelength conver- 
sion and waveform distortion compensation are per- 
formed. A signal of an arbitrary wavelength channel is 

55 dropped from the converted light by each optical 
add/drop multiplexer ADM, and then fed to the optical 
fiber transmission line 140. Conversely, a signal of an 
arbitrary wavelength channel is dropped from the opti- 
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cal fiber transmission line 140 by each optical add/drop 
multiplexer ADM, and the dropped signal is subjected to 
wavelength conversion into the wavelength band of 
each network by using the corresponding phase conju- 
gator PC. Then, the converted signal is fed into the cor- 5 
responding network. 

[0171] As described above, according to the present 
invention, it is possible to provide a device for phase 
conjugate conversion and wavelength conversion which 
has a broad conversion band. Further, according to the 10 
present invention, it is possible to provide a device for 
phase conjugate conversion and wavelength conver- 
sion in which the efficiency of conversion from signal 
light into converted light is not dependent on the polari- 
zation state of the signal light to be converted. Further, is 
according to the present invention, it is also possible to 
provide a novel flexible system suitable for large-capac- 
ity transmission. 
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4. A device according to claim 3, wherein said con- 
verted signal light is a phase conjugate of said sig- 
nal light. 

5. A device according to claim 3, wherein: 

said pump light has a third polarization plane; 
said third polarization plane being set so that 
the efficiency of conversion from said signal 
light to said converted signal light is independ- 
ent of the polarization state of said signal light. 

6. A device according to claim 3, wherein said signal 
light, said pump light, and said converted signal 
light have angular frequencies cog, cop and coq, 
respectively, said angular frequencies (D5, cop and 
cdq substantially satisfying the relation of 
2co p = co s + co c . 



Claims 20 

1. A device comprising: 

an optical circulator having first, second, and 
third ports, said first port being supplied with 25 
signal light including first and second polariza- 
tion components respectively having first and 
second polarization planes orthogonal to each 
other, and with pump light; 

a polarization beam splitter having fourth, fifth, 30 
and sixth ports, said fourth port being optically 
connected to said second port, said fourth and 
fifth ports being coupled by said first polariza- 
tion plane, said fourth and sixth ports being 
coupled by said second polarization plane; and 35 
a polarization maintaining fiber having first and 
second ends, and having a polarization mode 
to be maintained between said first and second 
ends, said first end being optically connected to 
said fifth port so that said first polarization 40 
plane is adapted to said polarization mode, 
said second end being optically connected to 
said sixth port so that said second polarization 
plane is adapted to said polarization mode. 

45 

2. A device according to claim 1, wherein said polari- 
zation maintaining fiber has a substantially constant 
zero-dispersion wavelength in relation to said polar- 
ization mode, and said pump light has a wavelength 
substantially equal to said zero-dispersion wave- so 
length. 

3. A device according to claim 1, wherein said signal 
light is converted into converted signal light by four- 
wave mixing based on said signal light and said 55 
pump light in said polarization maintaining fiber, 
said converted signal light being output from said 
third port of said optical circulator. 



7. A device according to claim 3, further comprising 
an optical band-pass filter optically connected to 
said third port of said optical circulator and having a 
passband including the wavelength of said con- 
verted signal light 

8. A device according to claim 1, wherein said polari- 
zation maintaining fiber has first and second princi- 
ple axes orthogonal to each other, and said 
polarization mode corresponds to one of said first 
and second principal axes. 

9. A device according to claim 1 , further comprising: 

a pumping source for outputting said pump 
light; and 

an optical coupler optically connected to said 
first port of said optical circulator for combining 
said signal light and said pump light 

10. A device according to claim 1, further comprising 
means for modulating or dithering the frequency or 
phase of said pump light. 

11. A device comprising: 

a polarization beam splitter having first, sec- 
ond, and third ports, said first port being sup- 
plied with signal light including first and second 
polarization components respectively having 
first and second polarization planes orthogonal 
to each other, and with pump light, said first 
and second ports being coupled by said first 
polarization plane, said first and third ports 
being coupled by said second polarization 
plane; and 

a polarization maintaining fiber having first and 
second ends, and having a polarization mode 
to be maintained between said first and second 
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ends, said first end being optically connected to 
said second port so that said first polarization 
plane is adapted to said polarization mode, 
said second end being optically connected to 
said third port so that said second polarization 5 
plane is adapted to said polarization mode. 

12. A device according to claim 11, further comprising 
an optical circulator optically connected to said first 
port of said polarization beam splitter. 10 

13. A device according to claim 1 1 , wherein said polar- 
ization maintaining fiber has a substantially con- 
stant zero-dispersion wavelength in relation to said 
polarization mode, and said pump light has a wave- is 
length substantially equal to said zero-dispersion 
wavelength. 

14. A system comprising: 

20 

first and second optical fiber networks each 
adapted to wavelength division multiplexing; 
and 

a converter connected between said first and 
second optical fiber networks, said converter 25 
converting signal light into converted signal 
light by nonlinear optical effect based on said 
signal light and pump light. 

15. A system according to claim 14, wherein said signal 30 
light is converted into said converted signal light by 

a second-order or third order nonlinear optical 
effect. 

1 6. A system according to claim 14, wherein said signal 35 
light is converted into said converted signal light by 
four-wave mixing based on said signal light and 
said pump light. 

17. A system according to claim 14, wherein said con- 40 
verted signal light is a phase conjugate of said sig- 
nal light. 

18. A system according to claim 14, wherein said signal 
light is WDM signal light obtained by wavelength 45 
division multiplexing a plurality of optical signals 
having different wavelengths. 

19. A system according to claim 18, wherein the wave- 
lengths of said plurality of optical signals are so 
arranged at unequal intervals. 

20. A system according to claim 14, wherein said con- 
verter comprises: 

55 

a pumping source for outputting pump light; 
an optical circulator having first, second, and 
third ports, said first port being supplied with 
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signal light including first and second polariza- 
tion components respectively having first and 
second polarization planes orthogonal to each 
other, and with said pump light; 
a polarization beam splitter having fourth, fifth, 
and sixth ports, said fourth port being optically 
connected to said second port, said fourth and 
fifth ports being coupled by said first polariza- 
tion plane, said fourth and sixth ports being 
coupled by said second polarization plane; and 
a polarization maintaining fiber having first and 
second ends, and having a polarization mode 
to be maintained between said first and second 
ends, said first end being optically connected to 
said fifth port so that said first polarization 
plane is adapted to said polarization mode, 
said second end being optically connected to 
said sixth port so that said second polarization 
plane is adapted to said polarization mode. 

21. A system according to claim 14, wherein: 

said first optical fiber network includes a first 
fiber span for transmitting said signal light; and 
said second optical fiber network includes a 
second fiber span for transmitting said con- 
verted signal light 

22. A system according to claim 21, wherein when 
each of said first and second fiber spans is virtually 
divided into the same number of sections, the prod- 
uct of the average of chromatic dispersions of a first 
one of said sections of said first fiber span and the 
length of said first one is substantially equal to the 
product of the average of chromatic dispersions of a 
second one of said sections of said second fiber 
span and the length of said second one, said first 
and second ones corresponding to each other in 
order ascounted from said<x>nverter, and the prod- 
uct of the average of optical powers in said first one, 
the average of nonlinear coefficients in said first 
one, and the length of said first one is substantially 
equal to the product of the average of optical pow- 
ers in said second one, the average of nonlinear 
coefficients in said second one, and the length of 
said second one. 

23. A system according to claim 21, wherein: 

the ratio of the product of an optical power and 
a nonlinear coefficient to a chromatic disper- 
sion at a first point on said first fiber span is 
substantially equal to the ratio of the product of 
an optical power and a nonlinear coefficient to 
a chromatic dispersion at a second point on 
said second fiber span; 

an accumulated value of chromatic dispersions 
measured from said converter to said first point 
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being equal to an accumulated value of chro- 
matic dispersions measured from said con- 
verter to said second point. 

24. A system according to claim 21 , wherein: s 

the ratio of the product of an optical power and 
a nonlinear coefficient to a chromatic disper- 
sion at a first point on said first fiber span is 
substantially equal to the ratio of the product of 10 
an optical power and a nonlinear coefficient to 
a chromatic dispersion at a second point on 
said second fiber span; 
an accumulated value of the products of optical 
powers and nonlinear coefficients measured 15 
from said converter to said first point being 
equal to an accumulated value of the products 
of optical powers and nonlinear coefficients 
measured from said converter to said second 
point 20 

25. A system according to claim 21, wherein the prod- 
uct of the average of chromatic dispersions of said 
first fiber span and the length of said first fiber span 

is substantially equal to the product of the average 25 
of chromatic dispersions of said second fiber span 
and the length of said second fiber span. 

26. A system according to claim 21 f wherein the prod- 
uct of the average of optical powers in said first fiber 30 
span, the average of nonlinear coefficients in said 
first fiber span, and the length of said first fiber span 

is substantially equal to the product of the average 
of optical powers in said second fiber span, the 
average of nonlinear coefficients in said second 35 
fiber span, and the length of said second fiber span. 

27. A device comprising: 

a first optical circulator having first, second, 40 
and third ports, said first port being supplied 
with first signal light including first and second 
polarization components respectively having 
first and second polarization planes orthogonal 
to each other, and with first pump light; 45 
a second optical circulator having fourth, fifth, 
and sixth ports, said fourth port being supplied 
with second signal light including third and 
fourth polarization components respectively 
having third and fourth polarization planes so 
orthogonal to each other, and with second 
pump light; 

a polarization beam splitter having seventh, 
eighth, ninth, and tenth ports, said seventh port 
being optically connected to said second port, 55 
said tenth port being optically connected to 
said fifth port, said seventh and eighth ports 
being coupled by said first polarization plane, 



said seventh and ninth ports being coupled toy 
said second polarization plane, said ninth and 
tenth ports being coupled by said third polari- 
zation plane, said eighth and tenth ports being 
coupled by said fourth polarization plane; and 
a polarization maintaining fiber having first and 
second ends, and having first and second 
polarization modes to be maintained between 
said first and second ends, said first end being 
optically connected to said seventh port so that 
said first and fourth polarization planes are 
respectively adapted to -said first and second 
polarization modes, said second end being 
optically connected to said eighth port so that 
said second and third polarization planes are 
respectively adapted to said first and second 
polarization modes. 

28. A device according to claim 27, wherein said polar- 
ization maintaining fiber has a substantially -con- 
stant zero-dispersion wavelength in relation to each 
of said first and second polarization modes, and 
each of said first and second pump lights has a 
wavelength substantially equal to said zero-disper- 
sion wavelength. 

29. A device according to claim 27, wherein: 

said first signal light is converted into first con- 
verted signal light by four-wave mixing based 
on said first signal light and said first pump light 
in said polarization maintaining fiber, said first 
converted signal light being output from said 
third port of said first optical circulator; and 
said second signal light is converted into sec- 
ond converted signal light by four-wave mixing 
based on said second signal light and said sec- 
ond pump light in said polarization maintaining 
fiber, said second converted signal light being 
output from said sixth port of said second opti- 
cal circulator. 

30. A device according to claim 29, wherein said first 
and second converted signal lights are phase con- 
jugates of said first and second signal lights, 
respectively. 

31. A system comprising: 

first and second optical fiber networks each 
adapted to wavelength division multiplexing; 
and 

a converter connected between said first and 
second optical fiber networks; 
said converter comprising: 
first and second pumping sources for output- 
ting first and second pump lights, respectively; 
a first optical circulator having first, second, 



22 




EP 0 987 



and third ports, said first port being supplied 
with first signal light including first and second 
polarization components respectively having 
first and second polarization planes orthogonal 
to each other, and with said first pump light; 5 
a second optical circulator having fourth, fifth, 
and sixth ports, said fourth port being supplied 
with second signal light including third and 
fourth polarization components respectively 
having third and fourth polarization planes 10 
orthogonal to each other, and with said second 
pump light; 

a polarization beam splitter having seventh, 
eighth, ninth, and tenth ports, said seventh port 
being optically connected to said second port, 15 
said tenth port being optically connected to 
said fifth port, said seventh and eighth ports 
being coupled by said first polarization plane, 
said seventh and ninth ports being coupled by 
said second polarization plane, said ninth and 20 
tenth ports being coupled by said third polari- 
zation plane, said eighth and tenth ports being 
coupled by said fourth polarization plane; and 
a polarization maintaining fiber having first and 
second ends, and having first and second 25 
polarization modes to be maintained between 

said first and second ends, said first end being 

optically connected to said seventh port so that 
said first and fourth polarization planes are 
respectively adapted to said first and second 30 
polarization modes, said second end being 
optically connected to said eighth port so that 
said second and third polarization planes are 
respectively adapted to said first and second 
polarization modes. 35 

32. A system according to claim 31 , wherein: 

said first signal light is converted into first con- 
verted signal light by four-wave mixing based 40 
on said first signal light and said first pump light 
in said polarization maintaining fiber, said first 
converted signal light being output from said 
third port of said first optical circulator; and 
said second signal light is converted into sec- 45 
ond converted signal light by four-wave mixing 
based on said second signal light and said sec- 
ond pump light in said polarization maintaining 
fiber, said second converted signal light being 
output from said sixth port of said second opti- so 
cal circulator. 

33. A system according to claim 31, wherein said first 
and second converted signal lights are phase con- 
jugates of said first and second signal lights, 55 
respectively. 

34. A device comprising: 



A2 




a polarization beam splitter having first, sec- 
ond, and third ports, said first and second ports 
being coupled by a first polarization plane, said 
first and third ports being coupled by a second 
polarization plane orthogonal to said first polar- 
ization plane; and 

a polarization maintaining fiber having first and 
second ends, and having a polarization mode 
to be maintained between said first and second 
ends, said polarization maintaining fiber being 
supplied with signal light including first and sec- 
ond polarization components respectively hav- 
ing said first and second polarization planes, 
and with pump tight; said signal tight being con- 
verted into converted signal light by nonlinear 
optical effect based on said signal light and 
pump light in said polarization maintaining 
fiber. 
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